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ABSTRACT 
A major cost in the fabrication of carbon-epoxy composite structures for aircraft is the non-
destructive inspection performed at the end of the manufacturing process, necessary to reveal 
the presence of defects and damage such as porosity, backing paper and bond-line cracks. The 
inspection can account for up to 50% of the cost and time involved in the fabrication of 
aircraft composite components. Compounding this problem is that non-destructive inspection 
can fail to detect damage in difficult to inspect regions, such as the centre fillet of T-stiffened 
panels or the bond-line within sandwich composite components. A potentially cheaper, faster 
and more reliable inspection method is structural proof testing, which typically involves 
externally loading the component (static or dynamic loading), and measuring the structural 
response for the presence of damage and the qualification of structural integrity. 
Proof testing has been successfully applied to a large number of metallic and composite civil, 
petrochemical and marine structures, and to a lesser extent to sports goods and medical 
prosthesis. Proof testing has been used by the aerospace industry to assess metal structures, 
but has had only limited application to composite components of which most have been 
laboratory test coupons and simple structures. Proof testing has not yet been extended to large 
composite aircraft parts in a commercial-scale production environment due to a lack of 
understanding of the optimum test regime to detect damage and quantify structural integrity. 
This thesis presents a PhD project that assesses the application of structural proof testing to 
composite aircraft components. Using numerical and experimental techniques, the PhD 
project explores the practical feasibility, methodology and technical challenges with the proof 
testing of stiffened carbon-epoxy panels representative of aircraft structures. The project 
investigates the capabilities and limitations of proof testing for detecting and measuring the 
types, sizes and locations of manufacturing-induced damage (such as porosity and cracks) in 
carbon-epoxy stiffened panels. The project systematically evaluates the effects of the external 
loading and boundary conditions on the dimensional and mechanical responses of T-stiffened 
panels, including surface strain distributions, displacement, modal frequency and mode shape 
curvature to detect the presence of damage. Based on this research, the feasibility of using 
structural proof testing for the inspection and certification of as-fabricated composite 
components is determined. 
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The PhD thesis presents a critical and comprehensive literature review (given in Chapter 2) 
into existing and emerging proof testing methods that are used to assess structural integrity. 
The literature review reveals that most proof testing methods are reliant on the 
characterisation of propagating (active) defects (e.g. cracks, delamination, fibre breakage) that 
cause further damage, and there is little published research into testing based on unchanging 
(passive) damage (e.g. porosity, voids, resin rich areas, dry spots). Furthermore, most studies 
consider improving the manufacturing techniques rather than assessing the detectability and 
effect of passive defects on structural integrity. This review made clear the decision to focus 
the PhD research on fabrication damage including porosity, voids and delamination in a 
representative aircraft stiffened structure through monitoring of stiffness properties – surface 
strain, displacement, and modal frequency analysis – as well as modal properties – frequency 
response, modal frequency and mode shape curvature analysis. 
The first major part of the PhD research (described in chapter 3) is focussed towards 
monitoring changes in structural stiffness as the means of proof testing. Two three-
dimensional finite element models were developed (denoted as unit depth and full depth 
models respectively) to enable efficient numerical analysis of the effects of different damage 
types, sizes, and locations under varying load orientation and magnitude, load application 
point, and boundary conditions. The FE model consisted of a flat skin with a co-bonded T-
stiffener made of carbon-epoxy, and was modelled using 3D orthotropic and anisotropic 
elements in a number of configurations. Porosity was introduced by lowering the local 
material stiffness, and delamination was modelled using gap elements. It was found that to 
elicit a measurable change in surface strain and displacement, the applied loading must induce 
high stress / strain in the region surrounding the damage. Even so, it was discovered that 
strain and displacement mapping is insufficient to reliably detect damage in the centre fillet 
region of T-stiffened panels (which is a difficult to non-destructively inspect region often 
concealing small flaws). Similarly there was negligible change in modal frequency when 
considering porosity of various sizes throughout the joint. Some types of manufacturing 
damage outside of the central fillet region are detectable, although this was found to be a 
function of the damage size, location and application of load. 
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Based on this research work, further numerical and experimental analysis (described in 
Chapter 4) was performed to determine the minimum detectable damage throughout the T-
stiffened panel based on surface strain mapping (found to be more reliable than displacement 
maps and modal frequency). Various T-stiffened composite panels were manufactured 
containing through-width delaminations and porosity to experimentally validate the finite 
element predictions of the proof testing methodology. Compliance testing of the joints under 
tension and compression loads was used to validate the FE models, following which the 
validated models were used to determine the detectability of voids and porosity at the centre 
of the T-joint, and porosity and delamination along the bond-line between the skin and 
stiffener. The load type, application point and boundary conditions were varied to optimise 
the strain field about the damaged region to enhance detectability of damage in a structural 
proof test. It was found that delaminations could be reliably detected and located whereas the 
detection of porosity was only possible under specific conditions. The PhD thesis provides an 
in-depth discussion and evidence-based assessment of the appropriate load types and 
limitations of detectability of small damages within T-joint stiffened panels. 
The PhD project also explored a new proof testing method for composite structures based on 
changes to their vibration response under an externally applied mechanical excitation (as 
described in Chapter 5). A Scanning Laser Vibrometer (SLV) was used to experimentally 
measure the mode shape displacements (MSD) of composite T-joints under sinusoidal 
excitations from 0 – 10 kHz. An experimental study of the change in modal frequency in the 
presence of damage combined with detailed analysis of the change in mode shape curvature 
(MSC) from an undamaged to damaged T-joint was used to establish the presence, location 
and severity of damage. Experimental and numerical studies of the change in mode shape 
curvature for various cases of porosity and delamination explore the extent to which this 
technique can be applied to determine damage presence and location in composite structures. 
A parallel experimental study of the frequency response for nominally identical T-joint 
structures indicated significant variation, which highlights the difficulties faced when 
comparing undamaged MSC to damaged MSC responses. The results of the MSC differences 
for the lower frequency modes yielded accurate and consistent results with respect to damage 
presence, location, and severity however noise at high frequency modes obscured the results 
or gave false indications. Delamination damage was readily detected and located, and 
although porosity was also detected, the exact location of porosity was not as clear due to the 
inherent stiffness of the structure affecting the indication of damage location. However, the 
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MSC difference technique successfully detected porosity throughout the T-joint including the 
central fillet region, which cannot be inspected using conventional NDI. The research 
revealed that the nature of damage location, boundary conditions and structure geometry 
affects the accuracy and reliability of using MSC difference analysis for detecting damage 
using structural proof testing. 
A number of significant outcomes have been achieved in this PhD project. The problem of 
applying the proof testing methodology to a representative aircraft composite structure has 
been addressed in detail. The key outcomes and original contributions of this work include: 
• A literature review of the existing and emerging NDT technologies applicable to 
structural proof testing, including their limitations, has outlined issues that have not 
yet been thoroughly researched and documented with respect to detection of damage 
in composite structures. 
• Development of an accurate, validated FE model of a T-stiffened composite panel, 
capable of representing a full-depth 3D structure in unit-depth model for both 
stiffness-based and modal analyses. 
• Assessment of the sensitivity of various load types to the ability to detect flaws under 
structural proof testing with complex composite structures (T-stiffened panel). 
• Assessment of the ability and limitations in detecting and quantifying small active 
damage in difficult to inspect regions, as well as passive damage in T-stiffened panels, 
using stiffness and modal-based techniques. 
• Determination of the minimum detectable damage in T-stiffened composite structures 
with respect to porosity, voids, and delamination in a proof testing scenario. 
• The application of the MSC-technique to successfully detect small quantities of 
porosity in previously undetectable areas of a T-stiffened panel. 
• A critical assessment into how proof testing can be applied to meet aircraft 
certification standards is also addressed. 
The PhD research provides greater insights into the capabilities and limitations of structural 
proof testing as a substitute for non-destructive inspection in the quality assurance and 
certification of as-manufactured aircraft composite components. 
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1.1 THESIS INTRODUCTION 
The full potential of composite materials has not yet been realised despite over 35 years of 
composite use in the aerospace industry. Part of the reason for this is the significant time and 
cost associated with non-destructive inspection (NDI) for the purpose of certification. 
Composite materials are widespread in aircraft structural applications due to their high 
specific strength and stiffness, resistance to fatigue and corrosion, and ability to tailor 
laminate material properties to the applied loads. Furthermore the ability to mould composites 
into unitised structures and complex shapes results in highly weight efficient structures. 
Three-dimensional unitised structures are seen as competitive differentiators that offer 
advantages over conventional structures, however contemporary NDI technologies often fail 
with such architectures. The alternative is to look towards non-destructive testing (NDT) 
methodologies, such as structural proof testing (PT), which utilises physical loading to verify 
the structural integrity through monitoring of damage progression and mechanical response, 
as opposed to passive inspection. 
Composite structures can suffer from a variety of hidden manufacturing defects including 
porosity, voids, delamination, dry spots, and resin rich areas, which have a direct effect on the 
structural properties. Current composite structure certification practices require conventional 
NDI (such as ultrasonics) to detect, locate and characterise all damages and defects within the 
structure. This process can account for as much as 50% of the overall manufacturing costs 
prior to delivery, however cannot provide any indication of the mechanical response of the 
structure under load. This thesis explores the applicability of PT as a novel NDT technique to 
detect damage presence and location, assess damage severity, and ultimately assess structural 
integrity under load in terms of residual strength and life, for the purpose of certification. This 
type of assessment provides an indication of the expected performance of composite 
structures in-service. 
Proof testing often refers to a loading regime that exceeds the limit load of the structure to 
prove the ultimate strength. In the context of this thesis however, the application of the testing 
procedure within the sub-limit load regime is investigated such that it does not compromise 
structural integrity. The shift away from passive NDI (no applied load) towards active NDT 
(applied load required) will also be accompanied by a shift from ‘100% detection of the 
smallest flaw’ to ‘assessment of structural integrity in the presence of the largest flaw that 
escapes detection’. The literature review presented later in this thesis reveals that although 
there are many studies and developments in novel NDT techniques to detect composite 
damage, there is also an increasing focus on the development of in-service damage 
monitoring systems (condition based maintenance, e.g. structural health monitoring), which 
are not dissimilar from a proof testing methodology, and as such some of these developments 
are reviewed here. Furthermore, PT can be considered a preventative measure, rather than a 
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corrective measure, as it monitors and predicts the effects of damage on the mechanical 
properties during load. The PT methodology typically includes acoustic emission monitoring 
and stiffness-based damage detection methods (including surface displacement monitoring, 
strain monitoring, or vibrational response). This PhD thesis proposes a novel NDT concept 
that combines surface displacement monitoring, strain monitoring and vibrational analysis to 
provide a comprehensive PT methodology that quantifies structural integrity for certification 
based on physical testing, rather than predefined passive inspection criteria. 
Proof testing has been successfully applied in the past to a large number of metallic and 
composite civil, petrochemical and marine structures, and to a lesser extent to sports goods 
and medical prosthesis. Within the aerospace industry, PT has been used to assess metal 
structures, but has had only limited application to composite components of which most have 
been laboratory test coupons and simple structures. Proof testing has not yet been extended to 
composite aircraft parts in a large-scale production environment due to a lack of 
understanding of the optimum test regime to detect damage and quantify structural integrity. 
As mentioned, conventional NDI techniques do not provide an indication of the effect of 
manufacturing flaws on the mechanical properties of composite structures. PT may provide a 
measure of these effects, however in the presence of near-critical flaws size, PT may cause the 
flaw to propagate to a critical size. The novel PT methodology needs to demonstrate the 
acceptability and benefits of applying loads on a structure for the purpose of certification. PT 
aims to provide an answer to the physical effect of damage on the stiffness, strength and life 
of the structure, and thus provide physical accept / reject criteria rather than utilise a set of 
theoretical criteria from passive, conventional NDI. Proof testing has remained largely 
unexploited in the aerospace industry, and this thesis demonstrates that PT can provide the 
mechanism to reducing the current conservatism in composite structure design via a direct 
assessment of mechanical integrity and damage tolerance without the large financial and time 
investment required using conventional NDI. The current conservatism is a direct result of the 
limitations of conventional NDI, which are accounted for by knockdown in design allowables 
and weight penalties. 
1.2 BACKGROUND TO THE PHD PROJECT 
This PhD project was proposed and sponsored by Boeing Aerostructures Australia to explore 
the possibility of using structural proof testing as a means of certification of aircraft 
structures. Currently ultrasonic testing is used to provide complete characterisation of defects 
within as-manufactured composite components for the purpose of meeting certification 
requirements. This thesis aims to establish the theoretical basis required for a successful proof 
testing methodology, and thus convincing aviation regulators that a change to a non-
destructive testing philosophy can provide equal or greater assurance of structural integrity 
than is currently possible. It is expected that PT will compliment and extend the capabilities 
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of current ultrasonic inspection at Boeing Aerostructures Australia. Specifically, it is the 
current building-block approach (analysis supported by significant material and structural 
tests) and NDT requirements for certification that limit the qualification of a wider range of 
emerging materials and structures that cannot be readily inspected and structurally validated. 
PT aims to bridge the gap between NDT and certification and thus provide for more weight 
efficient structures. 
Although the PT philosophy is aimed at proving the structural integrity of structures under 
load in the presence of defects, it must still provide an indication of damage location and a 
measure of damage severity. To these ends the literature review has revealed that although 
active defects can be detected using well-established techniques such as acoustic emission 
analysis, smaller and passive defects are more difficult to detect. As such this thesis 
investigates three stiffness-based damage detection techniques: displacement monitoring, 
strain monitoring, and vibrational response (mode shape curvature analysis). 
Of particular relevance to this PhD project is the detection of damage within complex 
structural geometries and joints made of carbon/epoxy composite, which often cannot be 
detected using conventional NDI. A composite T-stiffened panel common to aircraft 
structures was selected as the case study component throughout this project as it is a geometry 
that is both difficult to inspect and often contains manufacturing defects. A typical aircraft T-
joint is presented in Figure 1-1, and shows the areas most susceptible to manufacturing and 
in-service damage/defects: the central fillet region often suffers from voids, resin rich areas, 
dry spots, wrinkles, resin cracks, and porosity; and the skin/stiffener bond-line typically 
suffers from similar defects as well as delamination. 
 
Figure 1-1: Damage areas within a T-stiffened panel 
Both numerical and experimental T-joint designs were employed in this PhD project to define 
the detectability of different damage types in the structure. This study aims to identify the 
benefits, limitations and usefulness of proof testing, particularly in those areas where 
conventional NDI either fails or is unreliable. 
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The main scientific and technological objectives of a novel proof testing methodology to be 
addressed within the scope of this PhD thesis are as follows: 
1. Determine whether the structural proof testing methodology is a viable technique to 
contribute to the certification of aircraft composite structures. Define the current 
capabilities of the technique, and thus identify the shortcomings and limitations to be 
addressed. 
2. Assess current conventional and non-conventional NDT techniques that can be applied 
within a PT philosophy to detect and assess damage within composite structures. 
3. Determine the minimum level of damage detectable in T-stiffened panels under the PT 
methodology using both numerical and experimental techniques (alternatively, determine 
the maximum level of damage that can escape detection). 
4. Assess the sensitivity of different types of damage to various proof test loads by 
monitoring the dimensional and vibrational response of structures. 
5. Assess the effects of small, and passive flaws on mechanical properties (in this case 
structural stiffness).  
6. Determine the ability of a novel proof testing technique to identify damage presence, 
determine damage location, assess damage severity, characterise damage, and ultimately 
provide a measure of the structural integrity of the composite structure.  
7. Theoretically establish a proof testing methodology and means of assessing structural 
integrity of composite components under proof loads. 
1.3 STRUCTURE OF THE PHD THESIS 
A comprehensive literature review presented in Chapter 2 covers a wide range of topics 
associated with structural proof testing methodologies in a range of applications, beginning 
with a definition of PT and its ability to assess structural integrity and predict residual 
mechanical properties using accompanying damage monitoring techniques. The current 
limitations of proof testing are also critically analysed. Following this a discussion of 
composite damage mechanisms in the context of proof testing is presented with a focus on 
composite T-stiffened panels. The findings of this section are then discussed with respect to 
various NDT techniques that are applicable to a proof testing philosophy, from which a 
number of suitable techniques are identified for further study.  
A finite element model of a representative aerospace carbon/epoxy T-joint is developed in 
Chapter 3, and employed to perform parametric analytical studies including varying model 
construction, mesh type, boundary conditions, and load application as a means of facilitating 
damage detection based on changes in structural stiffness. Surface displacement monitoring, 
surface strain monitoring and modal frequency are used as indicators of global and local 
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damage in composite joints. Both a two-dimensional and three-dimensional T-joint FE model 
are used to introduce common types of manufacturing damage into the structure, including 
porosity, voids and bond-line delamination. The detectability of these defects is analysed 
using the above damage monitoring techniques. The FE analysis provides a means of 
avoiding a lengthy and costly experimental regime in the development of a proof testing 
methodology. 
Chapter 4 extends the proof testing analysis of the previous chapter, and begins by using an 
experimentally validated FE T-joint model to investigate the effects of manufacturing damage 
on structural compliance. Following this the optimum proof load type to maximise the 
detectability of damage under stiffness-based monitoring is investigated. Finally the minimum 
detectable damage/defects is determined through a parametric analytical study of porosity, 
voids and delamination both within the skin / stiffener bond-line as well as the central fillet 
region of the T-joint. 
The final stiffness-based damage detection technique – mode shape analysis – is presented in 
Chapter 5. The effect of manufacturing damage on the mode shape curvature (MSC, double 
derivative of mode shape displacement) is investigated using theoretical and experimental 
methods. Porosity and delamination of significant size are introduced into experimental T-
joint specimens, and their effect on the MSC established. An experimentally validated FE 
model is subsequently constructed and the MSC-technique is extended numerically to include 
a parametric study of varying damage type, size and location throughout the T-joint. Based on 
this research, the optimum proof test conditions for the detection of manufacturing defects 
using vibrational analysis are established. 
Chapter 6 presents a summary of the major findings and conclusions of the PhD research. The 
contribution of this study to the field of non-destructive testing is presented, and further work 
as a result of this research is also discussed in terms of the additional research required to 
comprehensively establish proof testing as a successful NDT technology for certification of 
composite aerostructures. The final chapter concludes with a discussion of the industry 
standards and regulations with respect to certification of composite structures using proof 
testing. 
1.4 OUTCOMES OF PHD RESEARCH 
Structural proof testing has been achieved in the past, although it has been extremely limited 
with respect to composite aircraft structures. The major outcome of the PhD research is to 
identify what a proof testing methodology involves, and what is required to successfully use 
the technique for the purpose of certification of aircraft composite structures. Furthermore, the 
damage monitoring techniques to accompany proof loading, including their capabilities and 
limitations, is also explored in the thesis. This provides the first major steps towards 
establishing a novel proof testing technique to certify the structural integrity of as-
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manufactured composite aerostructures. The research has also identified a number of PT 
capabilities that are currently beyond the scope of this study, however they have been 
discussed in detail within the literature review to provide a detailed understanding of the 
potential benefits of structural proof testing over conventional NDI.  
A comprehensive literature review in Chapter 2 revealed in detail the required proof testing 
methodology and associated philosophy, which differs significantly from that of current NDI 
practices. In order to satisfy aviation regulators and aircraft manufacturers that structural 
proof testing is a feasible technique, PT must be demonstrated to be able to successfully 
assess structural integrity and provide indications of residual mechanical properties reliably, 
without causing significant adverse damage. Conventional NDI cannot provide any physical 
indication of structural mechanical properties, as by nature it is a passive inspection 
technique. 
Chapters 3 through 5 consider in detail stiffness-based damage detection techniques that can 
be applied within a proof testing methodology to provide a means of detecting damage 
presence, location and assessing the severity of the damage within composite T-joints. Their 
benefits, limitations and relevance to structural proof testing is investigated in detail. Of 
particular interest is the detection of small and passive damages in difficult to inspect regions 
and complex structures, as they are a damage type that is often not detectable using 
conventional NDI. This PhD thesis explores a number of techniques that can enable detection, 
location and provide an estimation of severity for these damage types. Although the NDT 
techniques explored throughout this thesis have been applied in the past, they have not yet 
been incorporated into a proof testing methodology, and have not been employed in the 
detection of small damages in composite T-joints. 
This thesis produced a number of significant outcomes, including a comprehensive literature 
review and critical assessment of the current knowledge base of structural proof testing. A 
discussion of its application to certification of aircraft structures is presented and the current 
limitations of the technique are identified and addressed. Detailed finite element and 
experimental analysis was performed to assess the suitability of a number of stiffness-based 
damage detection techniques to detecting, locating and assessing the severity of damages 
throughout a composite T-stiffened panel within a PT methodology. It is believed the work 
achieved within this thesis has made a significant contribution to the field of active non-
destructive testing and certification of composite aerostructures, with a focus on the 
detectability of small damages in stiffened panels. The research performed here is particularly 
important as no published literature has yet considered PT as a form of NDT to support 
certification of aircraft composite structures. Similarly although many papers consider the 
detectability of large damages using stiffness-based monitoring criteria, few publications 
consider the detectability of small and passive damages in joints using these techniques. 
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2.1 INTRODUCTION  
This chapter reviews and discusses a wide range of areas associated with the application of a 
novel proof testing methodology to support certification of aircraft structures made of 
composite materials. A comprehensive literature review of structural proof testing, damage in 
composite structures, and applicable non-destructive testing (NDT) techniques is presented to 
identify the past progress and current direction of proof testing (PT), its benefits and 
limitations, and thus determine areas of new work required to bring a novel proof testing NDT 
concept into a large-scale production environment in the aerospace industry. Finally, a 
summary of the key decisions resulting from the literature review with respect to research into 
a novel proof testing methodology are discussed. 
2.2 STRUCTURAL PROOF TESTING 
2.2.1 Definition 
Aircraft structures require comprehensive non-destructive inspection (NDI) in order to assure 
high safety standards, as unexpected component failure in aircraft can lead quickly to 
catastrophic failure. Although conventional NDI methods (such as ultrasonic inspection) 
provide detailed reports of internal damage in terms of damage type, location, orientation, 
size, etc., it requires a significant time and cost investment; up to 50% of delivery time and 
cost of a structure can be tied up in the NDI phase. Another shortcoming of conventional NDI 
is that it does not provide an indication of the structural properties in the presence of detected 
defects. Limitations of the measurement equipment also exclude complex structures, such as 
three-dimensional unitised structures (also referred to as monolithic or integral structures) 
from being certified using conventional means. For example, while through-transmission and 
pulse-echo ultrasonics can be used in a limited number of complex parts, some geometry does 
not allow sensors to be placed on either side of a defective region, such as T-joints, which 
severely limits the reliability of the NDT scan for certification purposes. Structural proof 
testing is a non-destructive testing (NDT) technique that provides a means of overcoming 
these issues though condition-based maintenance of a structure under load. 
The term ‘proof testing’ is typically used to described two types of structural testing: tests 
where the ultimate design stress is exceeded in order to literally prove design strengths; and 
tests whereby the application of sub-limit static and dynamic loads and damage monitoring 
equipment provide a means of quantifying the structural integrity and mechanical properties 
without inducing significant damage. This PhD study focuses on the latter definition of PT as 
a means of NDT of aircraft composite structures.  
As composites were first introduced, the relatively undocumented damage mechanisms forced 
high safety factors, subsequently negating the advantage of light-weight composite materials. 
As such proof testing was applied to avoid unrealistically high safety factors by explicitly 
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showing the damage tolerance of composite structures on an empirical basis [1]. Given the 
advance in damage monitoring, characterisation technology, and understanding of composite 
damage mechanisms, the PT concept can now be extended to provide a complete NDT 
technique to support certification of composite aerostructures. 
Conventional NDI can be defined as passive testing (i.e. no applied loads) of structures to 
detect, locate and evaluate manufacturing defects and damages. PT extends this concept to an 
active testing (i.e. requires an externally applied load) that evaluates the structural mechanical 
properties and ultimately structural integrity without inducing further damage. The 
application of load in a PT scenario has the potential to cause defects to grow to an 
unacceptable size, thus the technique is often referred to as a ‘conditionally non-destructive 
testing technique’ [2, 3]. However this is beneficial as the PT loads and boundary conditions 
can be designed to be representative of the loads encountered during the service life of the 
structure, applied in a controlled environment, and thus provide a more comprehensive 
assessment of the structural integrity.  
It is worth noting a change in viewpoint regarding detection of damage – a shift away from 
‘what is the smallest flaw NDT can detect’, towards ‘how big a flaw can escape detection’ 
[4]. This idea extends to proof testing: in place of passive NDI technology that locates and 
characterises damage to a high degree of accuracy, the focus was on active NDT techniques 
(such as PT) that are based on monitoring propagating damage in structures under load, and 
thus ‘prove’ the structure design strength and/or life in the presence of defects [5]. This 
indicates a fundamental shift in the non-destructive evaluation framework from pure detection 
and characterisation, to verifying structure residual strength and life in the presence of 
manufacturing defects and damage, with an emphasis on real-time damage detection, 
characterisation, self-diagnosis, and damage control of real structures [6]. Proof testing 
essentially provides a means of practically determining the maximum allowable crack size in 
a structure under representative service loads [7]. 
The proof testing philosophy is not significantly different from that of condition-based 
maintenance (CBM) and structural health monitoring (SHM), in that a network of sensors are 
used to monitor the initiation and progression of damage in a structure under load. SHM 
extend the operating limits of structures by actively monitoring the structure in-situ for new 
damages and avoiding predefined inspection/service periods [8-10]. The current maintenance 
techniques often require the structure be taken out of service and inspected using labour 
intensive, time consuming and costly NDI procedures followed by the appropriate repairs. 
‘Preventative maintenance’ techniques such as the methodologies involved with SHM and PT 
are significantly less costly by incorporating a network of sensors to monitor the structural 
integrity under real or representative loads, and thus providing accurate information as to 
when and where a structure requires repair [11].  
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Similarly, PT methodology is not dissimilar to that of full-scale fatigue testing (FSFT) in 
determining and validating structural strength and life. A database of the structural 
dimensional response under load is also established and used to design the required through-
life support of the structure. Molent and Barter [12] reviewed the FSFT of several military 
aircraft structures against which crack growth models were successfully applied in predicting 
the exponential fatigue crack growth curve (a detailed review of numerical software tools for 
prediction of crack initiation and subsequent crack-growth analysis in aircraft structures can 
be found here [13]). The models were however contingent on accurate crack measurement 
during the initial service life, an aspect PT to support certification would need to address. In 
one instance, the FSFT revealed a critical crack growth area of an Aermacchi wing not 
previously considered. This highlights the point that conventional NDI cannot provide this 
level of detail, whereas PT provides the means to a more complete structural assessment. 
Another advantage of proof testing to support certification is evidenced by Ritter et al. [14], 
who noted that the residual contact stresses (created during manufacture) are closely tied to 
the post-proof test structural strength. 
Proof testing alone does not warrant the title NDT since it cannot locate and characterise 
defects without additional damage monitoring equipment. The dimensional and modal 
response of the structure is typically monitored during proof loading, for which the resulting 
measurements can be applied to numerical structural models or empirical trends to predict the 
residual strength and life of a structure. A number of suitable damage monitoring techniques 
that can be applied to PT are discussed in detail in Section 2.3. 
Fawcett, Trostle and Ward [15] reviewed the certification approach of the composite Boeing 
777 empennage (horizontal and vertical stabilisers, elevator and rudder), which is based on a 
building block approach involving significant timescale, materials and cost. The certification 
approach has not changed significantly since manufacture of the first major composite 
component, the 737 horizontal stabiliser, for commercial use. The approach, which complies 
with FAA and JAA regulations, has been labelled a building block approach due to the 
pyramidal nature of the testing approach in terms of scale and time (refer Figure 2-1). This 
approach typically involves significant testing regimes to establish material properties, 
through to sub-component and component structural responses, through to full-scale fatigue 
tests. The FAA and JAA regulations addressed for 777 empennage certification are detailed in 
Table 2-1, and are discussed in further detail in Section 6.2.4. 
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Figure 2-1: Building block approach for design and environmental accountability [15] 
 
Table 2-1: FAA and JAA regulations required within the building block certification methodology [15] 
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The philosophy used by Boeing here is one of certification shown by analysis with supporting 
test evidence; this is used in addition to non-destructive inspection (NDI). By contrast, 
structural proof testing is a non-destructive testing technique (NDT), which is based on 
applying active, sub-limit loading to the structure and measuring the structural response, as 
opposed to full-scale fatigue testing which promotes failure in the structure by simulating 
thousands of flight cycles and comparing these results to analysis. The advantage of structural 
proof testing is that it does not require a building block approach, and avoids the significant 
time and cost associated with establishing material properties; this aspect will be discussed in 
detail throughout the following chapters. The 777 building block approach is primarily an 
analytical approach supported by test evidence, from the coupon level through to the full-
scale level, and as such requires NDI to support the analytical/test methodology. This is 
followed in-service by an inspection plan to prevent catastrophic failure during the 
operational lifetime of the aircraft. Structural proof testing differs significantly by providing a 
means of assessing the structural integrity in the presence of unknown defects. In this way, 
structural proof testing bypasses the significant cost and schedule associated with the building 
block approach. This is a fundamental shift in the certification path – the building block 
approach utilises NDI as a means of supporting the analysis program, whereas structural proof 
testing utilises NDT as a means of assessing both the microstructure and the load carrying 
capability of the structure without the need for a significantly large test program and 
supporting analysis. The various facets of a novel proof testing methodology and its link to 
certification requirements is discussed in the subsequent chapters. 
2.2.2 Application of structural proof testing 
Structural proof testing has been applied within a number of industries including the marine 
(boat hulls), civil (bridges, wire ropes), and electrical (resistor manufacture) engineering 
industries, and to a lesser extent in the petrochemical industry (pressure vessels and pipes), 
sport industry (golf heads), and application in medical prosthesis [16]. There are also a 
number of precedents of structural proof testing in the aerospace industry, most of which are 
linked closely to full-scale fatigue testing, including the Beechcraft Starship canard, 
Grumman E2C Randtron, Lockheed F-104 Starfighter nosedome, Boeing C17 nacelle 
stiffener, Northrop Grumman Global Hawk, Eurocopter rotorcraft, McDonnell Douglas F18 
horizontal stabiliser (including full-scale fatigue testing with a focus on a number of 
bulkheads), McDonnell Douglas F15 ground based monitoring of full-scale fatigue tests 
(performed by the Physical Acoustics Corporation (PAC)), and of particular interest is the 
cold soak proof test of the General Dynamics F-111 wing pivot and carry-through wing box 
(for which the Cold Proof Test Station Acoustic Emission Monitoring System was also 
installed by the PAC, displayed in Figure 2-2) [3, 16-23].  
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Figure 2-2: Cold proof test AE sensors set-up, (above) F-111 under load [24], (below) picture is taken 
from the aft of the right wing in the direction of the tunnel structure and wing carry-through box [23] 
Non-destructive proof testing has predominantly been used to verify the integrity of metals 
and some ceramic structures, however its application to polymer-fibre composite materials is 
relatively new, for which proof testing composites has been largely limited to the 
petrochemical industry (evidenced by the comparatively large volume of journal articles on 
the subject). Proof testing has not yet been extended to large composite aircraft parts in a 
production environment due to a lack of understanding of the optimum test regime to detect 
damage and quantify structural integrity. 
One exception to this is the cold proof testing of the General Dynamics F-111 steel structure 
due to structural integrity problems associated with lacking damage tolerance [23, 25]. The 
wing carry-through box, wing pivot fitting are made from D6AC steel, which has a high 
strength and toughness and a small critical crack size (size at which flaws propagate unstably 
at the design limit load). Due to difficulty inspecting the structure for small defects and assess 
the structural integrity, the fracture toughness of the steel was reduced by cooling the proof 
testing environment using liquid nitrogen to -40oC and stressing the F-111 structure from -
3.0g to +7.3g (Figure 2-3). At this temperature D6AC steel undergoes a transition from a 
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ductile to brittle state, in which small flaws can propagate catastrophically [23]. AE 
monitoring of the structure under these proof testing conditions allowed a high level of 
damage detail to be quantified. 
 
Figure 2-3: F-111 Cold Proof Test Station Acoustic Emission Monitoring System, wing tip deflection 
under 7.33g loading [23] 
Much of the proof testing literature reviewed here employed the use of acoustic emission 
(AE) monitoring, as the versatility of AE lends the technique to be part of any PT 
methodology. As AE is a well-established and documented inspection/monitoring technique, 
it is not pursued further in this PhD project, but is presented briefly in Section 2.4.2. 
One of the most common applications of non-destructive PT within the last 40 years is in the 
testing of composite pressure vessels (typically in conjunction with AE monitoring), to assure 
safe operating life [5, 26]. As early as the 1970s, NASA was successfully combining proof 
testing with fracture mechanics in detecting and quantifying flaws within pressure vessels 
[27]. Smith et al. [28] monitored surface displacement and internal strain distribution, and a 
subsequent damage tolerance analysis provided an inspection plan for detecting early critical 
fatigue. A similar study of a graphite/epoxy composite dome with AE was performed to 
determine the onset of critical damage, using AE energy bursts as a fail criterion. Figure 2-4 
shows the onset of high AE energy bursts beyond ~3.8 MPa for the dome. 
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Figure 2-4: Proof testing of a graphite/epoxy composite dome to determine structural integrity [28] 
A more recent application of proof testing of pressure vessels within the aerospace industry 
was that of a 737 Boeing Business Jet aluminium honeycomb auxiliary fuel tank, to comply 
with Federal Aviation Regulations (FAR) with respect to resistance to fatigue and ultimate 
failure [29]. Although AE was not used in this instance, the stress/strain distribution was used 
for a damage tolerance analysis and subsequent inspection plan. Moreton and Moffat [30] 
demonstrated it is possible to predict the progression of strain rate in steel pressure vessels 
under increasing proof test loads. 
2.2.2.1 Structural integrity and residual mechanical properties 
PT has been used in a number of applications to assess structural integrity. The strength and 
probability of failure of optical fibres under PT loads have been determined through 
application of fracture mechanics [31, 32]. PT has similarly been used to reject defective 
parts, as well as provide a means of crack-healing embedded flaws in ceramic structures [33-
36]. Very early studies into PT of graphite beams found the application of load acted as a 
‘conditioning process’, by increasing the failure strength at low probabilities of failure (a 
function of number of cycles and stress level) over those structures that were not proof tested 
[37]. 
A dissertation on the effects of proof testing on fatigue behaviour of graphite-epoxy 
composite specimens by Hwang [38] found that the PT loads did not affect residual strength 
and life, since the damage incurred during the initial life of the specimens was not critical. An 
equal-rank strength-life relationship was determined and it was concluded that strength testing 
could provide the lower bound to fatigue life; although PT loads were responsible for matrix 
cracking, it did not significantly affect residual life. Although no firm conclusions were made 
regarding the effect of load magnitude on residual life, it was reported [39] that in general, the 
residual strength was higher at lower applied loads and vice-versa, and although the 
maximum residual strength (prior to PT) was slightly greater than the residual strength at the 
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completion of PT. It was also stated that cyclic PT has the ability to improve fatigue life. It 
can be stated in general that the greater the reduction in fatigue life as a result of proof testing, 
the weaker the structure; thus if proof testing loads are shown not to induce critical damage, 
the effect on the residual strength and life can be considered negligible. 
Prediction of residual fatigue life as a result of PT is possible, although heavily dependent on 
fracture mechanics models and empirical data, which is often geometry dependent. The 
prediction of minimum life of glass panels [40] and woven glass/epoxy composites under PT 
conditions (determined though correlation of cumulative AE energy to fatigue life) [41] has 
been successfully established. Similarly, Leone et al. [42] employed artificial neural networks 
(ANNs) to non-destructively predict the residual strength of glass fibre reinforced polymer 
(GFRP) specimens, which in turn could be used to provide a conservative estimate of 
specimen life. 
2.2.3 Application of proof test loads 
Proof test loads need not be greater than those experienced during the initial service life of a 
structure, and in fact much can be inferred from dimensional response of a structure subject to 
sub-limit static and dynamic loading. The single biggest advantage of PT, as opposed to stress 
testing followed by conventional NDI, is that damage mechanisms are monitored as they 
occur; it has been noted by Tiwari et al. [43] that interrupting a loading test to apply NDI can 
change the dynamics of the damage mechanisms and order of damage progression. Proof 
testing is often classed as a destructive test, although the damage sustained during proof 
loading is no different from that sustained during the initial service life. In a PT context, the 
damage mechanisms are monitored, located and quantified, and a damage tolerance analysis 
subsequently performed. Where subcritical damage is unavoidable during PT, the damage 
must be considered in the design of the life prediction process [44]. 
In terms of the PT load magnitude itself on composite structures, it has been reported by 
Ambu et al. [45] that high cyclic loads (~85% of static strength) causes matrix cracking, 
delamination and fibre fracture, where as lower cyclic loads (35% of static strength) limit the 
damage to matrix cracking and short delamination cracks. Loading beyond 95% of the 
structure’s load limit causes permanent damage [46]. Bunsell [47] found that composite 
specimens relaxed/stabilised to a given load over a number of hours is identical to a fatigued 
test sample after thousands of hours. Furthermore, if proof loads are kept relatively low, no 
critical cumulative damage will occur; loads up to 93% of a previously stabilised material 
were considered safe loads not causing failure. Figure 2-5 shows this phenomenon, displaying 
a constant load held over 40 minutes, for which the stabilised material is indicated by the lack 
of AE during the held load time period – only when exceeding the previous maximum applied 
load does AE resume.  
 Chapter 2 – Literature Review  
  23
 
Figure 2-5: Reduction in AE and stress over time for a material at constant strain (initially 93% of 
fracture stress) [47] 
In addition to load magnitude, it is widely noted that the order of static and/or dynamic loads 
cause different damage mechanisms in composites. For example, testing at high tensile strain 
rates will cause premature brittle failure by reducing the maximum tensile failure strain [48]. 
Nkrumah et al. [41] applied cyclic loadings to simulate long term damage, while 
incorporating AE monitoring during a quasi-static loading period in order to gauge the 
structural integrity (demonstrated in Figure 2-6). Residual life was estimated based on the 
quantity of AE events and their corresponding level of AE energy; a good, but not reliable 
relationship, was found between cumulative AE energy and fatigue life. 
 
Figure 2-6: Proof testing with AE monitoring [41] 
The limitations of proof testing are closely tied to the damage tolerance of structures 
(susceptibility to damage and global deterioration under load). It has been observed that for 
structures of ‘higher deterioration’, the results of a PT with a small load magnitude allow the 
subsequent results and conclusions to be valid for a shorter period of time (as opposed to 
larger proof test loads) [49]. Referred to as the ‘fatigue crack retardation effect’, it has 
however been observed that overloading a metal structure during PT can have the effect of 
increasing the residual fatigue life by changing the crack tip plasticity zones. For example, 
inclusion of overloads during fatigue testing of a Boeing KC-135 was considered a 
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conservative measure, however it had the opposite effect [25]. This is shown in Figure 2-7 
where the overloads in the test spectrum resulted in an overestimate of the fatigue life of the 
structure. However, it should be noted that this does not occur in all materials, and is heavily 
dependent on the magnitude of loads as well as the order of loads. It is clear that structural 
proof testing load type and magnitude have a significant effect on structure residual strength 
and life. Monitoring and quantification of damage mechanisms during PT of composite 
structures would be expected to provide more reliable estimations. 
 
Figure 2-7: (left) load history with overloads included, (right) resulting in longer fatigue life than that 
found in-service [25] 
2.2.4 Issues within a novel proof testing methodology 
As mentioned, the major hurdle to introducing a novel structural proof testing methodology is 
to convince aviation safety regulators and aerostructure manufacturers alike that application 
of proof test loads and the small damages that may result do not compromise the structural 
integrity, but in fact provides a more accurate measure of the immediate and long-term 
mechanical properties [50]. PT can effectively provide a measure of safety between a critical 
crack size, and a crack size that will allow the structure to function as normal under load [7]. 
Initially proof testing required large-scale practical testing as it had limited theoretical basis 
for damage detection in various materials and structures, and this is still somewhat true today 
since many PT criterion are based on empirical data. Introducing a novel PT methodology 
will most likely require a significant test schedule to account for a number of structural design 
variables to establish a robust methodology. Another issue with testing is the resulting 
experimental scatter, often compounded process variation as a result of inconsistent 
manufacturing. Process variation typically manifests itself in composite materials as variation 
in part thickness, fibre area weight, fibre misalignment, and springback, and has been reported 
by Bedewi and Kung [51] to be the cause of reduction of structural fatigue by 1 to 2 orders of 
magnitude. Since the major aim of PT is to reduce the time and cost associated with NDI for 
certification, and avoid ‘database techniques’ that rely on accumulating significant empirical 
data should be avoided (typical to many non-conventional forms of active NDT). 
 Chapter 2 – Literature Review  
  25
Although PT avoids conventional flaw size criteria by replacing it with a proof-of-strength in 
the presence of damage criteria, it remains subject to two types of errors, depending on the 
detectability of flaws (a function of the damage monitoring equipment), particularly in 
difficult to inspect regions and complex structures: Type I errors are due to incorrect rejection 
and false detection (economic drawback) and Type II errors are due to incorrect acceptance 
and missed detection (safety issue, may cause premature failure) (Figure 2-8 presents the 
Type I and Type II errors in terms of probability of detection and crack size) [23, 25]. 
 
Figure 2-8 Comparison of actual and ideal probability of rejection curves [25] 
2.2.5 Discussion and conclusion of structural proof testing review 
Ultimately PT aims to reduce the current conservatism in structural design, and lower the cost 
and time required by conventional NDI techniques, through monitoring of damage 
progression and structural dimensional response under sub-limit loads to provide a means of 
comprehensive structural integrity assessment. 
Proof testing is closely tied to continuous monitoring, and for this reason the philosophy of 
SHM and methodology of full-scale fatigue testing are applicable to the PT methodology. As 
such, there is a fundamental shift in non-destructive evaluation philosophy, from ‘passively 
quantify every defect present’ to ‘actively prove the structural integrity in the presence of 
flaws’: this is accompanied by a shift from inspection and repair to early detection and 
prevention. The literature review has revealed that PT can be used to quantify the following 
aspects, which are listed (in order of difficulty to assess): 
1. Detect and monitor manufacturing induced defects and PT-induced damage in composite 
structures. 
2. Quantify and characterise the damage. 
3. Assess the structural integrity of the composite component in the presence of defects, 
including those defects that are not identified. 
4. Assess residual strength and life of the structure (typically in that order) in the presence of 
manufacturing defects and PT-induced damage, for which numerical structural models, 
crack growth models and empirical trends are often required. 
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Of the primary issues facing a novel NDT technique, physical loading of structures and 
subsequent damage is the most pertinent, however it has been demonstrated that a carefully 
controlled environment can avoid the creation of serious damage while providing the 
necessary conditions to assess residual strength and life. However, the review of scientific 
literature on structural proof testing has raised the following questions and points: 
1. What defects and damages are required to be detected? Which cannot be detected? Which 
do not have to be detected?  
a. What is the minimum level of damage detectable? Or, what is the maximum damage 
size that escapes detection? 
b. Critical damage areas and failure modes need to be identified prior to PT. 
c. An expected problem is differentiating between defect types. The alternative is to 
define the defects qualitatively, but prove they do not negatively affect the structural 
integrity. Is it possible to design the PT conditions to help characterise flaw types? 
2. What load cases are most appropriate to apply (i.e. enough to aid detection, but not cause 
further damage)? 
a. The selection of load type, load magnitude and load rate affect the damage 
mechanisms induced. 
3. What parameters need to be measured and how will they be measured and to what degree? 
What will be the recording system and reporting format? How will the data be recorded 
and analysed? What results will the analysis provide (e.g. damage detection details, 
structural integrity, residual strength and life evaluation)?  
4. Will proof testing be a one-off acceptance test, or though-life inspection program? For 
what period of time, and under what conditions will the proof testing be valid? 
It is envisaged that PT can be extended beyond initial certification, provided proof test 
sensors can be integrated into the structural design (either during or after manufacture). For 
example, self-powered (energy harvesting) piezoelectric wireless strain energy sensors can be 
easily applied to monitor progressive damage throughout the life of a structure, since their 
small size and cost, ease of fabrication and ability to shape the sensor to complex geometries 
is ideal for application within structural proof testing and subsequent continuous monitoring 
of composite structures [52]. 
The following discussion (Section 2.3) considers the detectability of specific damage 
mechanisms in a proof testing environment, as well as the feasibility and methods of 
determining residual strength and life parameters. This is then applied to a case study, which 
forms the basis for the research work within this PhD study. The PT damage monitoring 
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techniques mentioned in this section, including acoustic emission monitoring, and surface 
displacement and strain monitoring, is discussed in detail in Section 2.4. 
2.3 DAMAGE IN COMPOSITE STRUCTURES 
2.3.1 Introduction 
This section explores composite damage mechanisms that can and cannot be detected in a 
structural proof testing environment, and to what extent the damage can be quantified. The 
literature review indicates that active, propagating defects can be detected using a number of 
techniques (e.g. acoustic type sensors), however passive (non-propagating) defects must be 
detected and/or quantified by other means. As such delamination, porosity and voids are used 
as the case-study defect types because these are the most common manufacturing defects 
found in the majority of composite aerostructures made using either autoclave or out-of-
autoclave processes. Note that ‘defect’ and ‘damage’ are relatively interchangeable terms, 
however ‘defect’ is typically used to describe voids and porosity as these are only created 
during manufacture. A discussion of residual strength and life prediction in a proof testing 
environment is also presented. Throughout this section and the entire PhD study, a T-stiffened 
carbon/epoxy panel is employed as the case-study representative of typical aircraft composite 
structures, since its widespread application and susceptibility to manufacturing damage lends 
itself to an alternative means of certification through proof testing. 
2.3.2 Damage and damage mechanisms 
2.3.2.1 Introduction 
Composite damage ranges in scale from microdamage such as matrix cracks, transverse 
cracks, fibre fracture, and interfacial cracks to macrodamage and larger damage such as 
widespread fibre fracture, delamination. Small damage and passive damage/defects (i.e. 
damage that does not propagate under load, as opposed to active damage which does 
propagate under load) including porosity, voids, inclusions, dry spots and resin-rich areas are 
difficult to detect using conventional NDT techniques. Other variability in composites 
structures such as variations in surface finish, thickness (as a result of resin content), and fibre 
tow count, as well as springback, resin shrinkage under cure (which causes other defects), 
fibre misalignment, incomplete resin cure, oxidation and moisture absorption can be assessed 
in a PT scenario through their effect on the structural integrity, rather than quantifying each of 
these in detail. 
The damage state of a composite structure over its fatigue life can be roughly divided into 
three periods: the first 8–10% of life includes matrix cracking leading to the characteristic 
damage state and limited fibre breakage, the second 10–90% of life involves damage grow at 
a relatively slow rate, and the third 90–100% of life is where the damage process is 
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accelerated to failure of the structure [43]. PT aims to test well within the initial 8–10% of 
structure life, inducing only minor damage that occurs during early service life. 
Not only is the damage type important, but its growth under load and interaction with other 
damage is also important; for example matrix cracks alone cannot lead to structural collapse 
and low density microcracks are often insensitive to mechanical testing [53], although 
following the characteristic damage state (saturation of transverse matrix cracks), longitudinal 
cracks are promoted and the structure can quickly degrade losing stiffness and strength [54]. 
A novel proof testing technique must consider the following: 
1. It is expected that large damage and most (if not all) active damage will be relatively easy to 
monitor and detect; however detection, quantification and characterisation of small and 
passive damages are expected to be difficult. 
2. Differentiating single damage modes from multiple and interacting damage modes may be 
difficult using PT. 
3. The limitations and reliability of the PT technique to assure structural integrity in the presence 
of the above unknowns must be quantified. 
As such, two sets of damage types will be considered throughout this study: active damage of 
various sizes is represented by delamination, and passive damage/defects are represented by 
porosity and voids. 
2.3.2.2 Delamination damage in composite T-joints 
Delaminations are the result of debonding between connected plies or lamina as a result of 
through-thickness tensile, in-plane shear or peeling, or impact loads. Delamination can be the 
precursor to structural failure: in the case of T-stiffened panels (refer Figure 2-21), 
skin/stiffener debonding is the critical failure mode of stiffened composite structures for both 
tension and compression (closely followed by fibre fracture of the stiffeners) [54-56]. 
Comparison of numerical and experimental delaminations within T-joints has been 
extensively documented [57]. Dharmawan et al. [58] experimentally validated a 2D FE 
analysis of delamination in composite T-joints. Herszberg et al. [10] furthered the study of 
composite T-joint, by considering varying delamination lengths including the extreme case of 
complete removal of the filler. It was observed that the structural effect of the filler is of high 
importance in avoiding joint failure, as indicated by the significantly increased bowing 
outwards of the overlaminate and change in bond-line strain (Figure 2-9). 
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Figure 2-9: (left) axial strain distribution at centre of overlaminate, due to delamination between filler 
and overlaminate [10], (right) A. 20mm slot, B. Full length slot, C. No filler [58] 
It has been reported that the presence and severity of delamination in joints can be determined 
by monitoring the strain distribution under tensile pull-out loads, due to the significant 
changes observed in the structure modulus (stiffness) [38, 58, 59]. Kesavan et al. [59] 
employed an experimental Damage Relativity Assessment Technique (DRAT) to pre-process 
the strain fields, following which an ANN consisting of 8 sensors (over a 700 mm T-joint) 
was employed to determine the extent of damage, providing a means of real-time SHM. The 
technique yielded 98.4% accuracy for delamination detection, location and assessment of 
extent of damage, however the ANN was a function of loading conditions, and limited to 
single damage events only. Figure 2-10 shows the difference in strain map from undamaged 
to delaminated-damaged T-joints, and the resulting difference in strain map indicating local 
damage. 
Hou and Jeronimidis [60] investigated the effect of delamination introduced through impact 
damage on the global bending stiffness of composite plates (scan from experimental test 
specimen shown in Figure 2-11). Matrix cracking leading to transverse cracking leading to 
delamination caused local reductions of the in-plane elastic and Poisson’s ratio properties. 
Although increasing delamination lengths caused a corresponding increase in bending 
deflection, local stiffening of the plate due to increased separation of the plies as a result of 
larger delaminations caused decreased global deflection (increase of global bending stiffness). 
This suggests that detection of delamination using NDT techniques that monitors changes in 
global stiffness need to be carefully interpreted. 
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Figure 2-10: Variation in strain along the surface of the overlaminate for both undamaged and 
damaged specimens [59] 
 
Figure 2-11: Delamination and matrix cracking in a [04/902/04] plate as a result of impact damage [60] 
Measurement of delamination using vibration techniques and dynamic analytical models has 
also been achieved using piezoelectric transducer (PZT) actuator-sensors, polyvinylidene 
fluoride film (PVDF), piezoceramic transducers, and fibre-optic sensors [61-65]. Tan and 
Tong [66] successfully detected through-width delamination in a composite cantilever beam: 
a surface bonded PZT actuator was attached to the free end, which excited the beam with a 
sinusoidal input voltage, and the output was subsequently measured by a PZT sensor at the 
free end (Figure 2-12). Subsequent comparison of the experimental and numerical (dynamic 
analytical model) predictions of the first three modal frequencies and output voltage 
distribution found good agreement, allowing detection of delamination presence, size and 
axial location (Figure 2-13). 
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Figure 2-12: Schematic of composite cantilever beam with through width delamination [66] 
 
 
Figure 2-13: Output voltage distribution (above) without delamination, (below) with delamination 
(experimental & numerical results) [66] 
Tan and Tong [67] furthered the above findings by successfully detecting multiple through-
width delaminations in composite beams using smart magnetostrictive material patches. An 
actuation coil was used to excite the structure, and a sensing coil used to measure the 
variation in magnetic flux density (Figure 2-14). Figure 2-15 shows the results of the 
magnetic flux density for the beams with and without the multiple delaminations; the length 
of each delamination was found to be accurately determined, and is measured in these figures 
as the distance a, b, c to a', b', c', respectively.  
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Figure 2-14: Sensing and actuating coils and magnetostrictive patch on composite beam [67] 
  
Figure 2-15: Normalised magnetic flux density (left) vibration mode 1, (right), vibration mode 3 [67] 
As a result of the research reported above, delamination was used in this PhD study as the 
benchmark test, with relatively known results. A finite element analysis (FEA) was used to 
model non-propagating delaminations of predefined lengths. Surface strain and displacement 
were monitored, noting the changes in global and local stiffness and comparing these to the 
above findings. Similarly, a modal analysis will also be explored through mode shape 
displacement and curvature measurements, as well as considering the natural frequencies 
themselves. These results provided a reference point when applying the same NDT techniques 
in detecting porosity. Delamination can be artificially introduced to experimental test pieces 
using brass shims, Teflon inserts, or release film; this study employed the latter [68-70]. 
2.3.2.3 Porosity and voids 
Another important composite manufacturing defect is that of porosity and voids. Porosity 
represents a passive flaw that is not only difficult to detect, but is common in stiffened panels: 
in the case of the T-joint, porosity is typically found within the fillet region. Detection of 
porosity in stiffened panels and joints is particularly difficult to determine non-destructively 
and was thus a focus of the study. Standard aerospace industry techniques of quantifying 
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porosity are achieved by correlating structural test data with data from ultrasonic testing. 
However it has been well established that porosity is difficult to detect using ultrasonics as it 
scatters the signal instead of providing a clear reflection. In terms of numerical models, there 
are no analytical models that can be used to determine the residual stiffness and strength in 
the presence of porosity [71]. However, the scattering of the signal is measured as a signal 
loss for either through-transmission or pulse-echo ultrasonics, and thus provides a qualitative 
indication of porosity in the structure. Complex geometry such as T-joints, specifically sharp 
curvatures and radii, also restrict the location of ultrasonic measuring devices due to their 
physical size. 
Porosity is a direct result of the quality control during manufacture of composite structures, 
and is one of the most common imperfections. Porosity is the concentration of microscopic 
spherical or elongated voids introduced as a result of insufficient pressure during curing (the 
primary cause of porosity), incorrect application of temperature and pressure, trapped air 
bubbles, exposure of resin to humid environments, or simply as a result of volatiles released 
during curing (a by-product of the polymerisation reaction) [71-73]. Porosity is typically 
found in the adhesive layer and at the adhesive-adherend interface in composite joints, where 
the latter is more prominent and has a greater effect on the bond strength [72]. If complete 
displacement of porosity is not achieved there is potential for bond strength loss of up to 30%, 
bond durability can be subsequently compromised, and crack growth rate can be destabilised 
[72, 74].  
Voids can be introduced and formed from a number of similar sources, including volatiles in 
the adhesive, volatiles absorbed during handling and surface preparation, material chemical 
composition, preparation of prepreg laminates, mechanical treatment, manufacturing 
temperature and pressure, moisture content, and entrapped air during lay-up. Voids typically 
form towards the middle of a structure (sparse about the edges) due to the pressure gradients 
in the adhesive [71-74]. The majority of research into porosity is focussed on reducing void 
content through improving curing processes and surface treatment (for which the latter 
typically forms a nucleation site for voids), rather than the detectability of voids and porosity 
[73-75]. 
The relationship between porosity and stiffness is non-linear, and it has been reported that 
above ~5% porosity content can cause significant reduction in stiffness [76], although some 
studies report much larger values of porosity such as 25% as being a significant value 
affecting stiffness and strength [74]. It has been widely noted that the most notable effect of 
porosity is on the interlaminar shear strength (ISS) [53]. However, measurement of this 
property across an entire composite structure without destroying the sample is 
difficult/impossible [77, 78]. 
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Judd and Wright [79] outlined the importance of minimising voids, stating that for every 1% 
of voids, up to approximately 4% content, the interlaminar shear strength (ISS) of 
carbon/epoxy decreases by 7%. However, the difficulty with non-destructively detecting 1% 
voids was also noted. Further studies [80-82] into the effects voids have on composite 
mechanical properties revealed up to 10% decreases in interlaminar and flexural strengths for 
a 1% void content, with flexural stiffness reducing 5%. This is contingent, however, on the 
location of voids and type of load application. 
Stone [76] explored the effects of porosity (0 – 5% content) on the mechanical properties of 
unidirectional tape and a plain weave fabric (Figure 2-16). A linear relationship was noted 
between ultrasonic absorption coefficient and porosity content (Figure 2-17). Similar 
reductions in other mechanical properties were also established relative to the ultrasonic 
absorption coefficient (Figure 2-18 and Figure 2-19). 
 
Figure 2-16: Photomicrographs magnified 100 times – (a) 12K plain weave fabric, low porosity, (b) 
12K plain weave fabric, high porosity, (c) unidirectional tape, low porosity, (b) unidirectional tape, high 
porosity [76] 
 
Figure 2-17: Percent void content vs. ultrasound absorption coefficient for (left) plain weave fabric, 
(right) unidirectional tape [76] 
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Figure 2-18: ILSS vs. ultrasound absorption coefficient for (left) plain weave fabric, (right) 
unidirectional tape [76] 
 
Figure 2-19: Compressive strength vs. ultrasound absorption coefficient for (left) plain weave fabric, 
(right) unidirectional tape [76] 
A similar study was performed by Liu et al. [83], where voids of 0 – 3% content were 
introduced into CFRP laminates to determine the effect on mechanical properties. It was 
found that the ISS, flexural strength and flexural modulus were most affected by the presence 
of voids (reduction), whereas tensile strength was much less affected, and tensile modulus 
found insensitive to void content. Nilsson et al. [84] noted that a void content up to 5% in 
glass mat thermoplastics (GMT) specimens does not change the failure modes, and the effect 
of voids on strength or stiffness are secondary. 
The review into porosity has made clear the importance of both minimising and detecting 
porosity, as relatively small levels of porosity can lead to significant decreases in strength, 
and ultimately a reduction in residual life. This PhD study will attempt to detect and assess 
different levels of porosity through both surface strain displacement maps and modal analysis 
using both numerical and experimental analysis.  
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The literature has raised a number of questions that are required to be addressed in a proof 
testing methodology: 
1. What is the maximum level of porosity that can escape detection? 
2. Within joints and complex structures, can porosity be detected using non-conventional 
non-destructive techniques, or does it remain hidden?  
3. Can the dimensions of a structure (e.g. part thickness) prevent the detection of porosity? 
4. What are the effects of the non-detectable porosity on residual strength and life? 
2.3.3 Damage tolerance, residual strength and life prediction  
Damage tolerance is primarily concerned with the structural mechanical response under load 
to verify the integrity in the presence of defects. In this respect, it is very similar to a proof 
testing philosophy. The shift from damage resistance to damage tolerance will allow more 
efficient composite structure designs. Aircraft composite structures are designed with the 
damage tolerance criteria of safe life, where no cracks grow to critical size occurs prior to the 
end of the ‘safe life’ period, although depending on the substructure a ‘fail safe’ philosophy 
can also be applied (allows for detection of propagating defects prior to structural failure) [2, 
85]. Metal structures differ, as their damage tolerance allows for slow-growth of cracks. The 
difference is due to the relatively flat S-N curve of composite materials. 
Damage tolerant methodologies for assessing structures for the purpose of certification are 
often divided into analysis techniques based on damage type and size, for example FAR 
25.305 covers barely visible impact damage (BVID), and establishes strength design values 
under ultimate loads, and thus also defines the allowable damage limits (ADL) [86]. 
Similarly, Figure 2-20 provides an example of a damage tolerance analysis used for 
determining through-life inspection plans, which could equally be applied during proof 
testing. This diagram also shows the fundamental difference in structural integrity assessment 
that proof testing can provide over conventional NDI: within the proof testing loading regime, 
if maximum design damage (MDD) is detected early in the structure’s life, it indicates a 
significant drop in residual strength (and thus life), whereas conventional NDI would not be 
able to provide this level of detail. This also reiterates why proof testing does not need to 
quantify defects to the same level as conventional NDI. A guide published by the FAA [87] 
states that where testing cannot be performed on a composite structure, proof testing can be 
applied to determine the safe life and damage tolerance; although this specific reference is in 
regards to spacecraft, the philosophy can be equally applied to commercial aircraft. 
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Figure 2-20: ADL and CDT determined from load testing, subsequently used for maintenance planning 
[86] 
Although prediction of residual strength and life is currently beyond the scope of this study, it 
should be noted that damage parameters measured during proof testing can be directly applied 
to analytical and empirical models in predicting these values. Several crack parameters need 
to be calculated accurately in order to predict the residual strength and life of a structure: the 
stress intensity factor relates applied load, crack size and structure geometry, and the fracture 
toughness of a material (K1C) describes the resistance of a material to cracking, and is equal to 
the stress intensity factor at catastrophic fracture of the structure, or constant fracture [88]. 
Linear elastic fracture mechanics (LEFM) is typically employed to predict residual 
mechanical properties from crack propagation data and fracture stresses. 
Summerscales [7] reports that AE monitoring during proof testing (for metals and 
composites) can be used to aid prediction of the residual strength and life, by providing 
quantitative flaw growth data [7]. A measure of the AE signal attenuation (propagation 
efficiency) – known as the stress wave factor (SWF) – can be used to predict residual strength 
and life. Fatigue and impact damage experiments on graphite/epoxy composites have 
correlated a reduction in SWF to a reduction in fatigue life, following which damage 
accumulation models were subsequently used to quantify the remaining fatigue life [7, 89]. 
Alternatively, Philippidis et al. [90] and Bhat et al. [91] employed an AE pattern recognition 
system to identify failure in composites, although this requires constant, real-time monitoring. 
Downs and Hamstad [92] reported that the Shelby ratio (a particular level of AE activity 
reached during both loading and unloading of a structure) can be correlated to residual 
strength within proof testing of graphite/epoxy pressure vessels. An example of proof testing 
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of graphite/epoxy pressure vessels (up to 70% burst strength) utilised both static and dynamic 
loading to predict residual strength based on AE activity (monitored real-time during both 
increasing and constant load application) and the Felicity ratio [93]. However, failure location 
in this instance did not correspond to the most acoustically active region, but rather the 
uniform AE detection across the structure was an indication of manufacturing quality. Similar 
observations have also been made in other GFRP laminates, impact-damaged Kevlar/epoxy 
composite specimens, and medical prostheses under proof testing conditions [94-96]. 
There are many numerical and experimental strain-based residual strength models, although 
they are typically restricted to representative composite test specimens, rather than complex 
geometries [97, 98]. Halverson and Case [99], however, explored the interaction of damage 
mechanisms, and combined phenomenological residual strength models with 
micromechanical life and strength prediction models in an effort to solve for residual strength 
and life parameters in complex structures. Furthermore it has been stated that most residual 
life prediction models for composite structures are based on residual strength degradation 
(which is assumed to occur when the residual strength is the same as the maximum applied 
stress) [100]. Liu and Lessard [101] expanded this concept by predicting residual life based 
on residual strength and stiffness degradation as well as damage tolerance models. An 
alternative method of assessing the failure strengths of composite materials in various 
configurations is that of Strain Invariant Failure Theory (SIFT) [102-104]. The theory uses 
material failure properties, damage functions, and failure mechanisms to predict damage 
initiation through to ultimate failure. SIFT has been shown to explained data pertaining to 
uniform strain fields, and holes in laminates under tension and compression, and represent the 
benefit of through thickness clamping of bolts, which are currently based on empirical 
methods. SIFT is a promising technique that could be applied to determining the residual 
strength of structures. 
2.3.4 Case study: T-stiffened composite panels (T-joints) 
2.3.4.1 Introduction 
Aerospace structures are characterised by thin walls (panels) supported by stiffeners (L, T, Z, 
U, I, top hat, tube and cruciform). A stiffened panel, specifically a T-joint, is used as the case 
study throughout this PhD thesis, as it not only represents a common aerospace joint, but it is 
also a complex geometry that suffers from common manufacturing defects, and is difficult to 
non-destructively inspect. A typical wing cross-section and T-stiffened panel are shown in 
Figure 2-21, where the outer skin of the wing is stiffened by Z stringers and the rib is 
composted of a T-joint holding a web in place. The two regions that are most susceptible to 
damage include the central fillet region (typically filled with either neat resin, chopped fibre 
reinforced resin or unidirectional fibres), and the bond-line between the stiffeners and skin 
(see Figure 2-21). Typical stiffener designs are presented in Figure 2-22 and a number of 
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these are explored in detail throughout the thesis. Figure 2-23 presents the stiffened panel 
design in the context of a fuselage panel section. 
 
 
Figure 2-21: (above) typical aircraft wing cross section [105], (below) a T-joint 
 
 
Figure 2-22: Typical T-stiffener designs 
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Figure 2-23: Fuselage stiffened panel, used in civil passenger aircraft [106] 
2.3.4.2 Bonded structures 
Of particular importance is the change in joint design from mechanically fastened structures 
to bonded structures, since bonding offers a more efficient join by way of minimal change in 
load path, and minimum joint weight (as opposed to the notch sensitivity of mechanical 
fasteners that are the causes of inefficiency in joints) [57, 75, 107]. Bonded structures were 
initially limited in their application due to unreliable weak joints, however research into 
improved bonding techniques as well as NDT methods have allowed bonding to become more 
prominent in both metal and composite structures, and is considered an enabling technology. 
As examples, the Boeing 787 fuselage employs hat section longitudinal stiffeners co-cured to 
the skin [108]; the Airbus A330/A340 shroud box has pre-cured channel sections co-bonded 
into an uncured laminate; the Airbus A400M has pre-cured stiffeners co-bonded to an 
uncured skin [109]; and the Eurofighter Typhoon, which is composed of 82% composites, 
also features a co-cured wing structure [110, 111]. 
Assembly of T-joints are typically achieved using one of co-curing, co-bonding or secondary 
bonding. Co-curing involves simultaneous curing of two or more uncured composites, co-
bonding involves curing an uncured composite to a pre-cured composite, and secondary 
bonding (or adhesive bonding) uses an adhesive resin to bond two or more cured composites. 
A study of a stiffened composite panel [112] revealed that co-curing results in the strongest 
bond, following by co-bonding, and lastly secondary bonding. Co-curing is used in this PhD 
project to manufacture experimental T-stiffened panels made of carbon/epoxy composite. 
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Bond strength cannot be measured using conventional, passive NDI. Although numerical 
models exist to predict bond-line strength, determining the appropriate input material 
properties, and accurately modelling propagating damage within the bond-line is very 
complex [57]. Typically 90° peel tests are used to measure bond strength since bond-lines are 
weakest under this loading (strongest in shear) [113]. Structural proof testing with active 
damage monitoring is a means of quantitatively solving the problem entirely; in addition to 
PT becoming an enabling technology for unitised structures, it can also become an enabling 
technology for bonded structures. However PT does require the introduction of high 
stresses/strains in the bond-line to effectively enable damage detection – an aspect that is yet 
to be quantified in detail. 
2.3.4.3 T-joint design and failure modes 
T-joints failure modes typically include bending, blade, flange and core failures, depending 
on the load and boundary conditions (Figure 2-24). Under structural proof testing it is 
recommended that known critical damage locations be monitored closely to avoid initiation of 
failure.  
 
Figure 2-24: Stiffened panel, T-joint, typical failure modes [85] 
Strength testing of T-joints typically employ tensile (or pull), compressive (or push), 
antisymmetric, or 3-point bending loads (Figure 2-25). Some of these are evaluated in this 
thesis within the FE model, to determine the effect of loading on the detectability of damage 
in different locations in the joint. 
 
 
Figure 2-25: (above) Typical stiffened panel tests – pull, push and antisymmetric test [114], (below) 3-
point bending test [57] 
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Stickler et al. [115] investigated the change in mechanical properties of the T-joint as flange 
and web thicknesses were increased, transverse stitching added, and local web pad-up applied 
(Figure 2-26). It was found increasing web thickness served to reduce the flexural stiffness 
and increasing the flange thickness had little effect on the flexural stiffness, however the 
inclusion of local web pad-up yielded significant improvements in offsetting the point at 
which initial damage occurred and the maximum moment the joint can withstand. Flange pad-
up had a similar effect, although to a lesser extent. The resulting damage progression of the T-
joint design from this study under a moment load is shown in Figure 2-27. It was also 
determined that flexural loading caused failure at the centre fillet region, whereas the T-joint 
was much stronger against tensile loading [116]. 
 
Figure 2-26: Variation in T-joint design [115] 
 
Figure 2-27: Damage progression in T-joint under load [115] 
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Vijayaraju et al. [110] applied additional ±45° plies and adhesive between the skin and 
stiffener of a T-joint, resulting in an increase of the failure loads, although changing the 
failure locations (Figure 2-28). 
 
Figure 2-28: Failure locations of a stiffened panel in tension (pull-out) [110] 
The above studies into T-joint failure have outlined the susceptibility of failure within the 
fillet region as well as along the bond-line of the skin/stiffener interface. It is thus important 
within a proof testing methodology to quantify manufacturing defects in these areas, and 
assess the structural integrity in the presence of defects. Global and local stiffness monitoring 
of T-joints could be a possible damage detection parameter within PT, however it may be 
hindered by designs of high stiffness, such as those mentioned.  
2.3.5 Conclusion to damage in composite structures 
Although review of the scientific literature above has indicated that strain mapping and modal 
analysis can be applied to the detection of delamination (both experimentally and 
numerically), it has been limited to simple geometries, and limited locations within T-joints 
(i.e. outside of the central fillet region). Furthermore, the damage detection techniques have 
not yet been applied to detecting the presence of porosity. This PhD project aims to 
incorporate displacement mapping, strain mapping and modal analysis to detect delamination 
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and porosity damage within composite T-joints, including damage within the central fillet 
region. The reviewed studies have provided an indication of the detectability of delamination 
in composite structures, however in terms of porosity the studies reviewed have focussed on 
minimising porosity content in composites and determining its effect on mechanical 
properties, rather than the detectability of porosity in composite structures. 
A discussion of residual strength and life in a proof testing environment revealed that residual 
strength, and in some cases stiffness, is used to predict residual life. The residual life can also 
be predicted more directly using AE signal analysis (such as measurement of the SWF) and 
pattern recognition properties for a structure under PT. 
Finally, a review of the damage progression in T-joints has outlined the likely damage 
locations and failure modes under various types of loading. The importance of the T-joint as a 
representative aerospace structure is highlighted by concluding that PT can be an enabling 
technology for evaluation of bonded structures (in this case, stiffener-to-skin bonding). 
2.4 NDT TECHNIQUES APPLICABLE TO PROOF TESTING 
2.4.1 Introduction 
NDT methods are selected based on the damages required to be detected, structure material 
type and geometry, as well as external factors such as acceptance level, time required to 
perform analysis and cost [5]. Structural proof testing is a global inspection technique that 
utilises other monitoring techniques common to the field of NDT for deep level inspection of 
the mechanical properties through monitoring of damage progression and structural 
dimensional response. As discussed in Section 2.2.1, PT has quickly led to a promising trend 
of active continuous monitoring rather than passive inspection, in order to provide a more 
comprehensive and quantitative measure of structural integrity over conventional NDI. 
This section briefly explores the wide range of NDT techniques that do and do not suit 
structural proof testing. Another criteria that was established for the selection of an 
appropriate NDT technology was that of the level of detail to which damage can be detected. 
Worden and Dullieu-Barton [117] noted a logical progression of damage detection 
classification, whereby the subsequent classifications requires the previous to be first 
determined (it is also listed in order of least difficult to most difficult to achieve). After 
considering a number of NDT techniques and their limitations, the following points become 
obvious: 
1. Detection: an indication that damage is present – easiest to achieve.  
2. Localisation: information on damage location – this can range from a vague area of 
damage to exact location. 
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3. Classification: also referred to in this study (and others) as “characterisation”, closely 
linked to “severity”. Again, information on this may be limited to a few geometric details 
as this is particularly difficult to achieve in full. 
4. Assessment: closely linked to “characterisation” and “severity”. This provides an 
estimation of the effect of the damage on the structural integrity, including load carrying 
capability. 
5. Prediction: the natural progression after all other classifications have been achieved; it is 
now possible to assess the residual life and strength of the structure. 
Ideally, the PT methodology should be able to encompass all of these aspects, even if 
reliability diminishes by the last classification. 
A large number of NDT techniques were reviewed, although only those most relevant to PT 
are discussed in detail. Visual examination techniques were largely dismissed due to lack of 
resolution, and although techniques such as shearography can provide wide-field surface 
deformation measurements, it is limited to the external surface of simple geometries [118]. 
Electromagnetic testing was also dismissed due to its limitation to composites with 
conductive fibres, or non-conductive fibres with conductive particles added during 
manufacture. However it is worth noting that eddy current testing is approximately 30% 
cheaper to perform than ultrasonics [118]. A novel ultrasonic/eddy current NDT technique 
has been successfully applied to detect back-face cracks in the lower wing skin of the F-111 
aircraft, and cracks in the complex-shaped bulkhead and inboard aileron hinge aft strut fillet 
of the F/A-18 aircraft [119]. Due to the changes required to manufacturing procedure, this 
was not researched further. An example of an eddy current scan on a CFRP panel with impact 
damage is presented in Figure 2-29.  
 
Figure 2-29: Eddy current test revealing impact damage on a CFRP panel [118] 
Similarly, although infrared thermography is portable, easy to apply (non-contact and single 
side access inspection), has easy to interpret colour-coded output, and can detect surface and 
interior damage, it is limited in terms of detecting smaller defects, and the technique would 
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also require heating of the structure during proof testing, which may not always be possible. 
Although it has been successfully applied to detect delamination in adhesive layers it has 
limited application in complex structures and joints [46]. 
Ultrasonic inspection is the most widespread form of NDI used with composite structures, and 
it is expected the technique will be retained and integrated with structural proof testing. PT 
will replace ultrasonics in part, however the wide range of damage that can be detected by 
ultrasonics (delamination, porosity, inclusions, matrix cracks, transverse cracks, fatigue 
cracks), will ensure the technique is retained. 
Of the NDT techniques reviewed, three areas were found to fit within the proof testing 
methodology and objectives of this thesis, and two of these are applied in practice to detect 
delamination, porosity and voids: 
1. Acoustic emission (AE) monitoring, which measures the acoustic stress waves as a direct 
result of propagating damage. This is a prominent, well researched feature in the majority 
of proof testing literature, and as such is not part of the numerical and experimental 
chapters of this thesis. 
2. Surface strain and displacement mapping, which measures the variation in surface strain 
and displacement of a structure under load in the presence of a defects, relative to the 
undamaged state. 
3. Vibrational analyses, which compares the frequency response, operating deflection shapes 
and mode shapes of undamaged and damage specimens. 
These three aspects are now discussed in further detail. 
2.4.2 Acoustic emission testing 
It was revealed through the structural proof testing literature review that acoustic emission 
(AE) monitoring is the most pertinent and common NDT technique used to detect and 
characterise active propagating damages in a structure under external load [4, 5, 47, 93, 120-
130]. Acoustic emission monitoring has a number of distinct advantages over other NDT 
systems, including the ability to detect the smallest propagating damages (e.g. hairline 
cracks), and versatility in sensor placement such that complex structures and difficult to 
inspect regions can be easily monitored [16, 39, 131, 132]. AE can be applied in real time to 
observe damage progression, and with appropriate signal analysis it can be used to provide a 
predictive measure of the structures mechanical properties of the material [4, 132-135]. It has 
been suggested that the only way to effectively make practical use of CFRP composites is to 
detect and monitor the damage progression in real-time [136]. 
As damage within the structure propagates under an external load, energy is released in the 
form of transient elastic stress waves as a direct result of the rapid redistribution of internal 
stress due to the change in micro-structure (Figure 2-30). Basic signal analysis techniques 
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including ringdown counts, rise time, signal strength, peak amplitudes, single- or multi-
amplitude thresholds, and frequency bands (Figure 2-31) provide qualitative and some 
quantitative indications of damage, however advanced analysis techniques such as amplitude 
distribution, RMS values, waveform analysis and application of system theory [137-139] are 
typically required for more robust, reliable and accurate information of the damage state. A 
range of equipment can be used to detect AE emissions, each with different capabilities, for 
which the most prominent sensors include piezoelectric transducers and fibre Bragg grating 
optical fibres. Acousto-Ultrasonics (AU) is a combination of AE and Ultrasonic NDT 
techniques that achieves damage detection through insonification of the structure, but 
analyses the entire ultrasonic spectrum in both time and frequency [140-142]. AU can be used 
as an extension of AE, and applied post-proof test to provide further characterisation of 
damage within composite structures.  
The literature revealed that although AE is capable of detecting and characterising almost any 
active propagating damage, it cannot detect passive, stable, non-propagating damages [120]. 
As such, it is assumed that AE will form part of the proof testing methodology for measuring 
active damages, and alternative techniques need to be explored to provide a method of 
detecting and quantifying passive damages.  
 
Figure 2-30: Crack nucleation and AE generation [143] 
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Figure 2-31: AE parameters used to define the occurrence of damage [144] 
2.4.3 Surface strain and displacement mapping 
A means of detecting damage in a structure is to monitor the reduction in global and local 
stiffness. This is discussed in detail throughout Section 2.3 in the context of composite T-
joints and structural proof testing. 
The simplest method of monitoring a change in structural stiffness is to measure the changes 
in surface strain and displacement. Fatigue-induced damage of structures manifest as a 
degradation of stiffness, hence static and dynamic stiffness have often been used to monitor 
the interaction of damage modes and thus indicate the damage state of structures under load 
[43]. The American Society for Testing and Materials (ASTM) standard test methods for 
fatigue of oriented fibre-resin composites state that loss of stiffness can be used as a failure 
criterion in place of component fracture [145]. Camponeschi and Stinchcomb [146] monitored 
changes in the in-plane stiffness of graphite/epoxy laminates as an indicator of fatigue 
damage, and found that changes in stiffness (if any) varied significantly for different lay-ups. 
Useful information from stiffness-based damage detection is a function of structure geometry, 
material composition, external loads, residual fatigue life, and existing damage state [1]. For 
 Chapter 2 – Literature Review  
  49
example, O’Brien [147] monitored the reduction in structural stiffness as a means of 
evaluating fatigue damage in boron/epoxy composites, however the dependence of stiffness 
on the load history did not allow a valid general failure prediction criterion.  
A wide range of visual inspection techniques were initially considered including optical 
holography, interferometry, shearography, digital image correlation methods (DCIM), fibre-
optic borescopes, and other 3D optical measurement systems. With the exception of 
borescope application, all methods considered are advantageous in that they are non-contact 
wide field mapping techniques monitoring in-plane or out-of-plane surface deformation and 
strains [2, 5, 45, 148]. For example, holographic NDI has been used during testing of heavy 
equipment, tyres, aircraft and rocket components, projectile bodies, and both composite and 
metal pressure vessels [149, 150]. Although attractive to proof testing, they are typically 
qualitative in nature, expensive, difficult to implement, limited to surface or near surface 
flaws, and often limited to simple structures. For example, holographic interferometry suits 
only simple geometries and small displacements [25], and shearography is typically 
subjective and cannot be used to detect  porosity [16]. Sub-pixel Digital Video Image 
Correlation (SDVIC) is a non-contact strain mapping technique that has been applied to 
Kevlar/epoxy filament wound pressure vessels during proof testing to monitor the effects of 
impact damage (employing ANNs) [123]. Acoustic emission parameters were monitored to 
successfully predict burst pressure, although residual life required additional theoretical 
models and numerical simulation.  
A study by Kim et al. [151] identified damage and defects in composite plates by monitoring 
the local change stiffness using a virtual fields method (VFM) as an inverse procedure. 
Similar studies have also been performed using digital image correlation and FEA [152, 153] 
to measure full-field heterogeneous slope fields using a deflectometry technique. Full-field 
strain measurement techniques such as deflectometry have a significant advantage in 
heterogeneous and anisotropic composite structures by providing thousands of measurement 
points in place of conventional strain gauges and extensometers. The non-contact technique 
also provided a measure of the local stiffness reduction provided the through-thickness 
displacement distribution is reasonably linear. It was found that reductions in stiffness of less 
than 10% were measurable and reasonably well located and the damage size and shape 
obtained. 
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Figure 2-32 (left) deflectometry setup, (right) reduction in local stiffness detected and localised [151] 
As for all stiffness-based damage monitoring techniques, measurements can be performed 
repeatedly throughout the service life of the structure in-situ, however it was also noted global 
stiffness reduction is not sensitive to local damages (refer also Section 2.5.1). Although 
deflectometry requires only one differentiation from displacement to obtain the slope of the 
structure, techniques such as mode shape curvature (MSC) that require two differentiations to 
obtain curvature are typically more sensitive to local changes in strain. MSC also requires 
curve-smoothing to be applied prior to calculation of the double derivative (see Section 2.5.4). 
However, the deflectometry technique employed by Kim et al. [151] is significantly more 
complicated, requiring phase maps, windowed discrete Fourier transform algorithms, phase 
processing software, and demodulation algorithms, and is not exempt from requiring spatial 
smoothing. 
There are other stiffness-based monitoring techniques, although they are typically more 
advanced and not compatible with a proof testing methodology. For example, Toyama et al. 
[154] successfully modelled the degradation in stiffness due to cracks in CFRP laminates 
under tension: the stiffness was monitored using Lamb waves, which also allowed crack 
location to be determined. Specific Damping Capacity is another stiffness-based monitoring 
technique, in which changes in damping can indicate specific damping modes [1]. 
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2.4.4 Vibration analyses 
A number of different modal analysis techniques exist for detecting changes in structural 
integrity, and compared to stiffness-based monitoring they typically have a higher sensitivity 
when detecting damage. The application of these techniques requires various forms of 
vibratory excitation, for which the methodology is similar to the proof testing methodology 
described above; an external load (in this case excitation) in combination with external NDT 
equipment provides a means of damage detection and characterisation. Frequency response, 
random decrement, mode shapes, and wavelet transforms are presented in detail in Section 2.5. 
2.4.5 Conclusion to NDT techniques to accompany PT 
A number of NDT techniques have been considered in this section, from which it was 
determined acoustic emission monitoring, stiffness-based monitoring (surface strain and 
displacement mapping) and vibration analyses were suitable within a structural proof testing 
methodology. Both AE and stiffness-based monitoring require a proof load whereas vibration 
analysis requires an excitation load. Since AE is a well established technique it does not need 
to be researched further. Instead, it was decided to further the limited study of stiffness-based 
monitoring systems in detecting not only large delaminations (as has been previously 
achieved), but consider small delaminations as well as porosity and voids, particularly in 
difficult to inspect areas of T-stiffened panels (i.e. the centre region of the T-section). Since 
vibration analysis is different from the NDT techniques described above, it appears as a 
complete literature review in Section 2.5, and discusses various damage detection techniques, 
their limitations, and relevance to the problem of damage detection in T-stiffened panels 
under a proof testing methodology. 
2.5 MODAL ANALYSIS 
2.5.1 Introduction 
Modal NDT techniques are based on the principle that damage causes a change in structural 
stiffness/flexibility, which translates directly into a change in modal parameters (natural 
frequencies, damping coefficients, mode shapes, etc.) [155-157]. These changes are then 
correlated to damage detection, location, characterisation and severity. Damage detection can 
be grouped into two classes: global damage detection (large structures, often complex) and 
local damage detection (conventional NDT techniques such as ultrasonic, thermography, 
radiography, etc.) [9]. Although local detection techniques can be applied to individual 
components/sections of a large structure, the long time taken to inspect a large structure is 
often unacceptable in a commercial environment. As such global methods can be used to 
detect a change in the dynamic response of the entire structure based on changes to the 
stiffness and damping properties of the structure. Although vibration-based NDT has gained 
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popularity in recent times, in most cases it provides only global indications of damage, and 
extensive signal analysis is often required to determine localised damage. 
Current analysis techniques within the category of modal analysis can be grouped into two 
classes: traditional techniques, which measure modal frequency (absorption of energy), modal 
damping (dissipation of energy), and mode shapes (deflection shape at a modal frequency) 
(Figure 2-33), and modern techniques, which focus on wavelet analysis, genetic algorithms 
(GA), and artificial neural networks (ANN). In terms of mechanical vibration, scanning 
acoustic microscopy is performed in the GHz range, ultrasonics the MHz range, acousto-
ultrasonics the high kHz range, acoustic emission the low kHz range, and the vibration 
techniques discussed in this section range from low Hz to low kHz [158]. 
 
Figure 2-33: Modal parameters to monitoring during proof testing [159] 
The general advantages of the ‘modern techniques’ include a lesser dependence on 
experiment, measurement of just a few points, and detection of smaller, localised damage. 
However, the modern techniques are significantly more complicated and subsequently are 
often time consuming (e.g. ANNs) [9, 156]. Typically with all of these methods some 
additional post-processing techniques are required, such as damage indices, damage detection 
algorithms, modal residual vectors, and matrix updating methods (which compare measured 
data and base-line data to establish the base-line matrices) [156].  
Establishing modal parameters using output-only techniques are favourable since they can be 
applied without knowledge of the input load/excitation, which can be beneficial when the 
input is non-stationary and may contain significant noise. The alternative to output-only 
techniques is to measure both the input and output of the system. Over the past 30 years two 
types of output-only techniques have been developed: 
1. One method calculates the free vibration response (decay) of the structure under the 
ambient excitation, followed by extraction of modal properties directly from the response 
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of its spectra [160]. The modal analysis techniques reviewed in this chapter fall within this 
category. 
2. Alternatively a single step stochastic technique can be applied to extract modal parameters 
directly. There are several stochastic techniques that have been successfully applied 
including a reference-based stochastic subspace identification method, the Matrix block 
Hankel stochastic realisation method, and the Multivariate AR model [160]. A major 
problem with the stochastic techniques is their frequent inability to correlate results with a 
physical meaning, which results in difficulties extracting the desired modal parameters, 
difficulties understanding frequency coupling relationships during extraction (a problem 
with high modal density structures, such as aerospace structures or high frequency 
analyses), and difficulties automating the process due to these problems [160]. 
Four modal techniques with potential applications in the proof testing of aerostructures are 
reviewed in this chapter: frequency response (FR), random decrement (RD), mode shapes 
(MS) and wavelet transforms (WT). Modal FE analyses are typically performed prior to 
experiment in order to both better define experiment as well as provide an alternate set of 
results – however when the structure is large and complex, time to solve increases 
dramatically [161]. In all techniques damage detection is readily achieved, however location 
and characterisation are more difficult, particularly in the presence of small defects and signal 
noise [9]. 
2.5.2 Frequency Response 
2.5.2.1 Introduction 
The frequency response of a structure is achieved by applying a sinusoidal excitation force 
across a range of frequencies. For a linear system, the response is measured as a sinusoid of 
the same frequency, but with different phase and magnitude. Non-linear systems will have a 
different frequency response. The frequency response is thus the difference in phase and 
magnitude between the input sinusoid excitation and the output sinusoid response. 
Alternatively, the frequency response of structures can be determined using Fourier 
transforms in the presence of transient and random input signals. 
Measuring the frequency response (FR) (dynamic signature) of structures is not difficult, 
because any change in test conditions (environment, boundary conditions, variations in the 
test specimen) will affect the measurement. It is favourable to use methods which do not 
require a base-line measurement from an undamaged specimen, as this would avoid the 
problem of requiring a flawless structure. The alternative is a database of responses for each 
structure and damage type, to which pattern recognition algorithms can be applied during 
post-processing. 
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Defects such as delaminations and porosity typically cause a local decrease of structural 
stiffness (and often an increase in damping) and subsequently a decrease in the modal 
parameters (amplitude, frequency, damping, mode shapes, frequency peaks, etc.). Damping is 
the direct cause of dissipation of elastic strain energy during cyclic responses, which 
gradually diminishes noise and vibration [161]. In the context of FR, damage typically causes 
a reduction and shift in frequency peaks as well as a broadening of the frequency peak due to 
increased damping [69]. The simplest and most popular form of frequency response analysis 
is to apply a measured impulse force (such as a hammer) and applying the FFT to generate 
FRFs (Figure 2-34). 
 
Figure 2-34: Structural vibration response measurement of impact to yield FRF [162] 
The frequency response technique has been applied to various materials and structures, 
including metals and composites, to detect cracks, delaminations, discontinuities (e.g. 
inclusions, void), holes, impacts, as well as verifying repairs. Many of these cases will be 
covered within this review. A typical example of these damages with respect to shifts in the 
structural frequency response is presented in Figure 2-35. The structure may be excited by 
any means (e.g. actuator, shaker, environment vibrations, etc.), and the resulting frequency 
response is typically captured with sensors such as piezoelectric sensors (including patches, 
film sensors, wafers), piezoceramic patches, strain gauges, accelerometers, and high-
sensitivity microphones (acoustic response). 
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Figure 2-35: Frequency response (lower frequencies) of undamaged (control) and damaged structures 
[163] 
This paper is interested foremost in techniques that can identify (1) small defects and (2) 
defects in difficult to inspect locations, which often imply small defects. The smallest damage 
detectable using the FR technique is half that of the wavelength, and as frequency is inversely 
proportional to wavelength, the highest useable frequency measured will dictate the smallest 
damage size that can be detected. It is also well known that conventional NDT methods using 
only frequency peak shifts and mode shapes alone cannot detect damage until it is extensive. 
It is these problem that limits FR alone for damage detection. 
2.5.2.2 Quality of damage detection 
The simplest modal technique to detect damage is to correlate frequency peaks between the 
undamaged (control) and damaged specimens. Although a cost-effective method, it does not 
easily lend itself to detecting the location of the damage as it is generally limited to global 
indications of damage [164] [165]. Damage characterisation is usually not possible using 
exclusively FR, however some damage information can be extracted when analytical models 
are employed [166]. However even this is limited, as Kessler et al. [163] observed similar 
changes in the same modal frequency for different types of damage in composites, suggesting 
the use of FR is limited to damage detection and possible location, but not characterisation. 
Damage location is best established considering the location of several sensors, and has had 
success in composite external doublers, and has been reported to be successful in other 
structures such as maritime T-joints, although damage size and location is difficult to 
estimate, if at all [70]. 
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A prevalent issue with structural vibration response is the variability of the signature for 
nominally identical structures. Figure 2-36 presents the two cases of acoustic frequency 
response for the interior of a car: (1) for the same vehicle the response is measured 12 times, 
and (2) for nominally identical vehicles the response is measured 98 times. For the same 
vehicle there is variation in the signature which becomes indistinguishable at higher 
frequencies. The same occurs for nominally identical vehicles at much lower, if not all 
frequencies. 
 
Figure 2-36: Structural and acoustic modal frequencies for nominally identical vehicles (courtesy of the 
ESI Group, [157]) 
Another example of the variation in modal properties for nominally identical structures 
(graphite/epoxy composite coupons) was noted by Ghoshal et al. [166], where it was reported 
that the resulting FRF graphs of displacement vs. frequency found a variation of 5% between 
specimens. In this case any damage that is to be detected needs to induce a change in 
vibrational response of more than 5% too account for the process variation. 
This coalescence and truncation of frequency peaks at high frequencies (above 2-5 kHz) was 
also observed by White [70] for both scarf repairs and an aircraft stabilator. In the case of the 
scarf repairs, a 12 mm debond though the thickness of the repair caused only a 6% decrease in 
frequency peaks above 5 kHz, which suggests that smaller delaminations and defects such as 
porosity would have a very narrow band of detection and minute structural change (Figure 
2-37). Furthermore it was reported that sampling rates and transform resolutions affected the 
absolute values attained from the sensors.  
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Figure 2-37: Frequency response of an undamaged structure and a damaged structure with a 12mm 
debond [70]  
A similar study by Wittingham et al. [69] of through-width and encapsulated delaminations of 
varying size and location in plates and marine T-joints made of fibreglass composite material 
found that the detection of damage presence was possible using sensors both close to and 
remote from the damage site. Enclosed delaminations were difficult to detect with notable 
changes above 8 kHz in plates, and changes in the FR for the T-joints typically present from 7 
kHz – 9 kHz with a further peak at 9.8 kHz (Figure 2-39 and Figure 2-39).  
 
Figure 2-38: Bulkhead and hull delamination in a T-joint [69] 
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Figure 2-39: Frequency response of T-joint [69] 
Furthering these findings, a composite beam analysis with 8 actuator/sensor PZTs found 
Maxwell’s Reciprocal Theorem was confirmed for a linear elastic dynamic system, indicating 
the independence of sensor/actuator. However, it was observed that the magnitude of the 
resonant peaks was dependent on sensor location, which in turn affected the power spectral 
distribution. Herszberg et al. [10] reported that the issue of sensor location can be overcome 
with the excitation source: the excitation from an impulse hammer resulted in successful 
damage detection with sensors nearby and remote from the damage. Wittingham et al. [69] 
also successfully used a miniaturised microphone as a sensor (at a small distance from the 
beam) to detect damage, however damage location was dependent on the proximity of the 
sensor indicating the strength and quality of the signal is important. One problem that was not 
overcome was the presence of noise below 1,000 Hz in the PZT transducers. 
2.5.2.3 Application of the FR technique 
PZTs are typically used to record the FR of structures under an external excitation, although 
depending on their power output the range of the sensors can be limited. White [70] reported 
that placing sensors further than 35 mm apart on an aircraft stabilator resulted in significantly 
less detection, although the signal attenuation due to the inherently highly damped composite 
sandwich structure may have also contributed to the small radius of detection. This indicates 
that for a large structure with high damping properties, complete coverage would require 
many sensors. A single PZT can be used to measure the frequency response of a structure, 
however if it is placed on or near a node line, that particular frequency will not be registered. 
External excitation can be applied in a number of methods, including environmental 
excitation (such as the vibrations of an engine or aerodynamic loads), or in more controlled 
laboratory environments excitation can be applied using PZTs as actuators, impulse hammers, 
shakers, etc.. Common controlled input signals include continuous-sweep sine, square wave 
(ideal) and measured square wave (non-ideal). As long as all test specimens have the same 
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input applied in all cases, it is not necessary to measure the input frequency as long as a 
comparative study follows (comparing damaged to undamaged specimens). When considering 
the boundary conditions during a controlled test, it has been reported that a free-free boundary 
condition is more efficient in recording the FR than a fixed-fixed boundary condition [70]. 
A structural response/frequency analysis of composite beams containing delamination was 
carried out by Wittingham et al. [69] using PZT as both actuators and sensors, where 1 of 8 
PZTs were used for actuation and the other 7 for sensing; in total 56 transfer functions were 
obtained. A second technique using the PZTs as micro-tappers and a miniature microphone to 
record the response was applied (Figure 2-40). As expected, a reduction in natural frequency 
indicated the presence of delaminations, detected by all PZTs. Although detection was 
possible, location could not be attained from any one sensor, but rather secondary vibrations 
were detected when the sensor was in close proximity to the damage. This indicates that (1) 
characterisation is possible given a reference database of responses because each delamination 
size has a characteristic response, and (2) location detection can be achieved with many 
sensors. Similar conclusions were made by White [70]. 
 
Figure 2-40: Composite beam with enclosed delamination and 8 PZT actuators/sensors[69] 
In terms of both detecting and locating delamination damage, Wittingham et al. [69] found the 
smallest defect considered (50 mm delamination) gave little indication of damage presence 
(see Figure 2-41), whereas larger defects (100 mm and 150 mm delaminations) yielded more 
significant shifts in frequency peaks (see Figure 2-42), and analysis of all PZT actuator-sensor 
combinations provided a means of locating the damage. These conclusions were applied to 
both the results from the attached PZT sensors as well as the results of a detached microphone 
sensor. The results of higher modes, although sometimes distinct in terms of difference in 
frequency peaks, were inconclusive due to the small amplitude at the higher frequency levels. 
Additional peaks were noted when the actuators and sensors were placed near or over the 
delamination, most likely the result of secondary vibrations within the delamination. 
Ultimately, it was concluded by Wittingham et al. [69] that the number of actuator-sensor 
pairs and their spacing dictate to what resolution the damage can be identified. 
 Chapter 2 – Literature Review  
  60
 
Figure 2-41: Frequency response of a beam containing a 50 mm delamination [69] 
 
Figure 2-42: Frequency response of a beam containing a 150 mm delamination [69] 
With respect to application of the FE technique in analysing modal properties, Kim [161] 
employed a novel Fast Frequency Response Analysis (FFRA) to significantly reduce 
computational times for large composite structures with damping. It is noted damping is 
almost always unavoidable, and each type of damping (proportional viscous damping and 
non-proportional damping) has its difficulties. Furthermore, as the number of modes required 
to represent a structure increase with their size, time to solve these problems increases 
quickly. The FFRA algorithm presented by Kim improves upon the conventional FEA by 
decreasing the required computational time 23% and 35% for two examples, making FR 
analysis of large structures feasible. 
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2.5.2.4 Conclusions and future investigations of frequency response 
techniques 
The following points have repeatedly come to light in most literature, with respect to 
successful application of the FR technique to detect and quantify damage:  
• Establish a base-line signature for the undamaged case. 
• Develop sensitive algorithms to assess frequency peaks and provide automation for large 
structures.  
• Consider variation of the signal for nominally identical structures and test conditions. 
• Consider sensitivity of boundary conditions. 
The general observation with FR is its inability to detect small damage due to the ambiguity 
associated with the difficult high frequency measurements (low signal-to-noise ratio). Hence 
in the case of small voids, porosity or small delaminations, a small change in FR would be 
expected, and would require a high resolution and high level of accuracy from the 
measurement equipment. Until a robust technique is developed, it is expected that process 
variation and experimental scatter may well mask the characteristics of small, difficult to 
detect defects in complex composite structures. 
Research work presented later in this PhD thesis investigates the effects of modal frequency 
and frequency response on various small damages in a stiffened panel (T-joint) using finite 
element analysis. 
2.5.3 Random Decrement 
2.5.3.1 Introduction 
Structural vibration response data is highly complicated and in its raw form makes any signal 
analysis virtually impossible due to its varying nature; however it does contain all the relevant 
structural information which needs to be analysed into a meaningful signature. Irregularities 
that are either present in the structure (defects) or develop during the life of the structure 
(damage) can change the structural stiffness and vibration characteristics, measured here as a 
change in natural frequency and damping ratios [51]. 
The Random Decrement (RD/randomdec/randec) technique is an efficient method of dynamic 
structural vibration response analysis that has the ability to construct a repeatable signature 
independent of a random vibratory excitation (such as white noise, vibration from a nearby 
engine, turbulence, shaker in a laboratory, etc). An important advantage of the RD technique 
is that the random excitation does not need to be measured, which lends this technique to in-
situ, SHM applications where excitation is either too difficult to apply (e.g. for large 
structures large excitations are required, which typically involves large and/or powerful 
equipment) or the input excitation is not practically measurable. For this reason the RD 
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technique is known as an ‘output-only’ technique. The in-situ application of RD can allow for 
longer service intervals and less conservative designs, for which the structural integrity is 
monitored in real-time.  
The RD signature is an ensemble averaged curve (time-averaged), which represents the free 
vibration decay curve (damping) of a structure under an initial displacement/ambient 
excitation (it is the same for a linear single degree of freedom (SDOF) system) [68, 167-169]. 
Another major advantages of the RD technique are that it does not require a numerical model 
of the structure; most techniques require a model which is difficult to define in terms of 
accurately modelling reality, however those techniques that do not require a model have 
significantly more difficulty in characterising damage without some knowledge of the system 
[156]. 
Compared to the RD signature of a healthy structure (a base-line signature is necessary for 
this technique), the RD signature of a damaged structure changes significantly, indicating 
damage is present as well as providing limited damage location information. The advantages 
of the RD signature over other vibration response techniques include: 
1. RD signature is invariant until damage is present. 
2. Signature is independent of input signal. 
3. A unique signature is obtained under a wide range of conditions. 
4. Signature undergoes significant change in the presence of defects. 
5. RD measurements can be performed in real time, which lends the technique to SHM 
applications. 
6. Similar to point (2), the form and scale of the RD signature is always the same regardless 
of the intensity of the ambient forces, unlike autocorrelation and spectral-density methods. 
As such it is also statistically more efficient for detecting failure and measuring damping. 
7. The RD technique does not suffer the issue of complex and difficult cross-product of 
modes for multiple degree of freedom (MDOF) systems under the autocorrelation 
technique (similar in calculation method), and thus the RD technique retains the same 
dimensions as the original time history [170]. 
8. RD signatures are more pronounced at low damping ratios (compared to autocorrelation, 
etc.) and the standard deviation is relatively constant. These difference are even more 
pronounced when considering non-linear and MDOF systems. 
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However the RD technique is not without its drawbacks: 
1. RD signatures are affected by aliasing. 
2. Unique signatures are produced for each structure and sensor location. 
3. To capture all information more than one sensor is required (e.g. if sensor is on a node 
line, that mode will not be present in response spectrum). More than one sensor is 
required to determine damage location. 
Review of the literature that follows, reports that RD has the ability to detect incipient 
structural failure, delamination, loose joints, fatigue cracks, as well as provide estimation of 
modal parameters, damping parameters of isolated modes, and residual fatigue life. 
2.5.3.2 Construction of the RD signature 
This section describes the method of calculating an RD signature and the complexities 
involved. Given the random impulse response signature of a structure, an amplitude level is 
then selected. For each point at which the response curve exceeds this level, a time segment is 
taken from the response curve and averaged with each consecutive segment, which 
progressively averages out the randomness of the signal leaving only the structural response 
(decay curve). Multiple selection levels can be used to validate the resulting RD signature. 
The averaging process removes both the impulse response function (a result of the initial 
velocity due to initial displacement) and the random response (due to the random excitation), 
thus leaving the free response/decay curve of the structure [160].  
For linear systems, RD signature construction consists of the superposition of three parts: 
• A Step Input, representative of the homogeneous solution given an initial displacement 
• An Impulse, representative of the homogeneous solution for an initial velocity, which can 
vary with an initial slope and magnitude 
• The Random Response, which is the solution to the given random inputs for each 
segment. 
When a large number of segments are averaged, the random and impulse responses are 
averaged to zero, leaving only the step response. This is not the case for non-linear systems 
whereby damping does not allow this superposition to hold true.  
Description of the calculation procedure of the RD technique is as follows: Given the random 
vibration response data y(t) recorded by a transducer, a trigger level is first selected, yT. The 
trigger level is typically defined in terms of the standard deviation of the displacement-time 
history (e.g. 1.5σsd, 2.5σsd, etc.). Considering the response signal y(t) from time a to time b 
(where a and b are user defined values), each point at which the trigger level crosses y(t) is 
identified, ti. A time constant τ is calculated or estimated based on the frequency content and 
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application of the RD signature (similar to the time-lag when using an autocorrelation 
function). At each point ti, the time segment of duration τ is saved. Each subsequent time 
segment is added to the previous segment and thereby the RD signature is incrementally 
defined; the signature becomes increasingly clear with each addition. Following the 
summation of all segments, the signature is then divided by the number of segments saved, 
and the signal is thus ‘ensemble averaged’. The time length of the resulting signature, τ, is the 
RD signature. This can be represented mathematically as [168]: 
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Furthering this, the RD signature is commonly calculated as the function )(ˆ τXXD  for the 
averaged time segments ( )τ+itx  of the response. Each extracted segment begins when 
( ) ci atx = . The resulting RD function is expressed as [171]: 
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where itt −=τ  is the time difference variable at time ti, N is the number of trigger points, and 
( ) ci atx = is the trigger condition. A more general form of Eqn. 2-2 that uses the level crossing 
trigger condition is given by [171]: 
( )( ))(|)(ˆ tXiXX TtxED ττ +=  Eqn. 2-3 
where )(tXT  is the trigger condition (for example: ( ) }5.1{)( xitX txT σ== ), and E(…) is the 
expected value operator. This process is presented graphically in Figure 2-43. Further 
description of the mathematical analysis for assembling the RD signature can be found in 
published papers [8, 156, 160, 167-171]. 
In terms of analysing these responses, the time-frequency signal analysis techniques are more 
useful than time-domain techniques, particularly for damping estimation (although both are 
very similar in the case of natural frequency and mode shape estimation) [68, 167]. 
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Figure 2-43: (top) raw data vibration response, (middle & bottom) averaging of 6 time segments to 
form RD signature [8] 
2.5.3.3 Damage information from the RD signature 
Damage detection, location and in some instances severity are achieved by comparing the 
measured signature to a database of known RD responses. If the database is of sufficient size 
and detail (structure configuration, test conditions, sensor and damage locations, etc.), many 
features of the damage/defect can be obtained, however this process takes significant time and 
cost to develop. Automation such as pattern recognition with neural networks is 
recommended for methods such as RD [68, 167]. 
One of the first uses of the RD signature technique was the detection of incipient structural 
failure, since the change in RD signature is dramatic immediately prior to failure [170]. This 
indicates that RD can be used to detect significant damage very easily, however a primary aim 
of this PhD project is to find NDT techniques that can be applied to (1) difficult to inspect 
regions, and (2) small defects/damages in composite structural joints. The RD signature can 
also be used to establish modal parameters: damage in a structure couples dynamically with 
structural modes and subsequently affects the RD signature. In itself, measurement of modal 
parameters (such as signature peaks) may not be enough to detect damage, however when 
combined with an FE analysis the structural integrity may be revealed [167]. 
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2.5.3.3.1 Linear and non-linear damping 
Real structures generally have non-linear damping responses caused by damage and 
propagating damage, which further complicates analysis. These situations are often reduced in 
complexity by assuming less than ideal responses: for example, breathing cracks (opening and 
closing of cracks under varying load) can be approximated as materials with bi-linear 
stiffness, and structural joints with slack can be represented with tri-linear stiffness [169]. 
Damage cause both linear and non-linear changes to a structural response, however it is the 
non-linear responses that present the larger challenge to SHM [8]. 
It has been reported that the single biggest problem with weak non-linearity (e.g. small 
damage detection, sometimes described in terms of the non-linearity coefficient ε), is that the 
RD signature resembles the undamaged free response curve [169, 172]. It is believed 
Caldwell [172] that this variation could also be attributed to process variation and 
experimental scatter, further complicating the analysis. The opposite was found in the 
presence of strong non-linearity. Further research into the effects of displacement 
dependent/non-linear damping on RD signatures can be found here. 
As the RD signature has constant amplitude it makes it independent of input intensity, which 
is of particular importance with structures with non-linear damping as the fixing of the 
amplitude stabilises the signature form under a range of environmental conditions [170]. 
In the case where the RD signature becomes distorted, due to the effects of filtering, spectral 
variations in the input signal, or if two natural modes are of similar/close frequency and 
cannot be separated without distortion of the signature, then the damping ratio is calculated. It 
was found by Cole [170] that at least four periods of oscillation are required to confidently 
estimate the damping ratio (ζ). Distortion found in the RD signature is still half that of its 
predecessor, the autocorrelation technique. Despite this distortion the RD technique can still 
be applied relatively quickly in determining damage features in composites. 
2.5.3.3.2 RD signature sensitivity and application of measurement equipment 
Random excitation is typically applied through a shaker, that is limited to narrow frequency 
band vibration. Similarly, the response data can be filtered within the spectrum of the input 
excitation in order to determine the effects of a frequency band on the structural response 
[168]. It has been reported that placing the excitation close to the damage presents a more 
measurable response in terms of damage identification in composites [169, 171]. Similarly, it 
has been observed that the detection of damage is heavily dependent on excitation level [8]. In 
order to further simulate reality, some experiments have introduced noise to the signal in the 
form of Gaussian white noise [171]. 
Given the random excitation, the response is measured using strain gauges [168], linear 
accelerometers [8, 169-171], optical fibres, piezoelectric strain sensors, impulse hammers [10] 
or similar equipment. The sample rate applied determines the resolution: for example, a 
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sample rate of two times the frequency of the failure mode is required for failure detection, 
and for damping estimation a sample rate of 16 times the frequency of the highest mode of 
interest is required [170]. 
Transducer frequency range and location have been noted to affect detection capability and 
accuracy in several studies since its conception [170]. It has also been suggested by  Li et al. 
[68] to verify the signal properties of the equipment used both before and after 
experimentation to ensure it has not changed. Similarly, it is difficult to achieve a perfectly 
random input without some influence of the excitation equipment. 
2.5.3.4 Application of the RD technique 
Prior to application of RD, the major problem with similar techniques such as the 
Autocorrelation, Cross-correlation and Cross-spectral techniques1 is that changes in the 
environmental input have the ability to change the vibration characteristics in the same way a 
flaw would [170]. The obvious method to eliminate this problem is to measure the input 
excitation, although this is difficult to establish in-situ as there are often several sources of 
input in varying locations. From this problem the RD signature was established as a reliable 
structural vibration response independent of the input.  
One of the first notable research efforts on utilising the RD technique in aircraft metal 
structures for damage detection and characterisation was published by Henry Cole in 1973 
[170], who sampled specific frequency ranges of the spectral density output curve (signal 
spectrum) based on a feature in order to translate those notable features to the RD signature. 
Subsequent studies Bodruzzaman et al. [168] have found benefits in both random input and 
random sample space as well as band-limited spectrum input, which better reflects reality as 
most in-situ excitations are not totally random. However, recent studies have found some 
random responses unsuitable for RD signature calculation [8, 156]. 
Cole developed the RD signature and its variance, which in the presence of small defects 
(introduce additional DOFs into the structure) appeared in the resulting spectral density signal 
as small spikes in a high modal density region. In its raw form the signal is too noisy to detect 
small defects. As the flaws propagate and grow, the modal regions affected approach the 
fundamental modes, however detection becomes (as mentioned earlier) that of incipient 
failure rather than small damage detection. Cole found that in this capacity RD could be used 
to detect incipient failure significantly earlier than other techniques of the time, and 
successfully applied the technique to an aircraft model experiencing flutter as well as the 
detection of loose fasteners in metal joint connections [170]. 
                                                 
1 Autocorrelation, Cross-correlation and Cross-spectral techniques are similar to the RD technique and provide 
information on structural modes, frequencies and energy, damping ratios, and approximate damping of isolated 
modes. However, they are dependent on both the quality of input signal and its measurement. 
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Bodruzzaman et al. [168] reported the use of RD in detecting fatigue cracks in composite 
materials and subsequently residual fatigue life. An attempt at applying the RD technique to 
the fatigue life of composite specimens was performed by Bedewi and Kung [51], by 
examining the global effects of natural frequencies and damping ratios on residual fatigue life. 
The point was made in this paper that ‘structural integrity’, which is entirely different from 
‘flaw detection during acceptance testing’, directly affects the fatigue life of the structure. At 
the time (1997) there was no NDT technique to estimate this parameter in a timely and cost-
effective manner. The RD technique is well suited to this problem as it has the potential to 
inspect the entire structure from a single point output measurement, as well as provide real-
time, in-situ residual life predictions, which also avoids the need for complex modelling of 
coupled damage mechanisms in composites. It was found the increase in damping and 
associated decrease in natural frequencies was directly related to increasing fatigue load 
cycles. Two values were approximated during experimental testing: fatigue life and residual 
fatigue life. These were first applied to the first quarter of the fatigue life for the 5th and 6th 
natural modes resulting in prediction errors of 13% and 20% respectively. Following this, 
applying the RD technique to the 6th mode in the last three quarters of the fatigue life resulted 
in a fatigue life prediction error of just 1%. It was found that damping of the composite 
structure was small during the first 23% of the fatigue life, following which changes of 
damping up to 500% near the point of failure were observed (Figure 2-45). 
  
Figure 2-44: damping ratio as a function of fatigue life – 5th modal peak [168] 
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Figure 2-45: damping ratio as a function of fatigue life – 6th modal peak [168] 
De Stefano et al. [167] surmised that given the RD signature is independent of the input and is 
effectively an ‘output only’ technique, it should follow that the input signal could be applied 
at any point of the structure, no special excitation equipment was necessary, and measurement 
of the excitation input was not required. It was later shown [10, 68] that the excitation 
location has an effect on the RD signature calculated. 
Li et al. [68] utilised RD signatures to detect the presence, size and location of a thorough-
width delamination crack in thick composite beams with moderate success. It was suggested 
that as each of these values as well as sensor location affected the RD signature, a large 
database utilising damage algorithms would be required to establish a robust damage 
identification technique. The major issue in this study was the significant effect the 
electromagnetic shaker (input excitation) had on the measured results, as its size was 
significant against the beam stiffness, mass and damping characteristics. However, it was 
found by Li and colleagues that delaminations do indeed affect the lower modes and are thus 
detectable using the RD method. 
An alternate trigger level approach was undertaken by Herszberg et al. [10], whereby the RD 
signature was formed from samples taken whenever the response signal crossed the zero 
reference (samples corrected such that all are positive), as this would average any initial 
displacements or applied loads to zero, leaving only the systems impulse response. The RD 
signature was found to vary not only for delamination sizes and locations, but also sensor 
locations. Hence it was suggested that a large database of RD signatures in combination with 
an ANN would be required to detect, locate and characterise damage/defects in composite 
structures. 
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Shiryayev and Slater [169] identified that no attempt on damage characterisation using RD 
had been previously explored, and consider an analytical 1 DOF (simplest case) and 5 DOF 
(representative of the light damping found in aerospace structures) systems for linear (reduce 
stiffness with increasing displacement across entire range), bi-linear (opening and closing 
cracks) and tri-linear (slipping type behaviour such as those found in joints with loosening 
fasteners) stiffness cases. The sensitivity of modal parameters with respect to the strength of 
the non-linearity was considered and compared to those of the free response. It was found that 
averaging 30 sets of data was necessary to minimise the variation in the RD signature, which 
occurs as a result of the randomness of the excitation. Averaging of a large sample size of 
input excitations (often referred to as ‘realisation of the signature’) avoids this issue. The RD 
technique used by Shiryayev and Slater is that of Difference Signatures: the technique 
calculates the difference of RD signatures between neighbouring DOFs and subsequently 
extracts statistics from the base-line undamaged and damaged systems. Eqn. 2-4 describes the 
averaging process, where iDMS  is the ‘difference of the means’, ( )τi baselineXXDˆ  is the RD 
function of undamaged structure (in the time domain), and ( )τi currentXXDˆ  is the RD function of 
the undamaged structure (in the time domain) [8]. 
( )( ) ( )( ) |ˆˆ| ττ i currentXXi baselineXXi DmeanDmeanDMS −=  Eqn. 2-4 
As well as the ratio of RMS values of the signatures, means and skewness of the RD 
signatures from the damaged cases were compared to that of the base-line. In the case of bi-
linear and tri-linear weak non-linearity (ε ≤ 0.1) for the SDOF system, the response is similar 
to that of the free vibration response, however for cubic stiffness there is a notable change, 
even when ε = 0.01. Furthermore, the cubic case experienced increases in natural frequency 
and damping ratio with increasing ε. For the MDOF, linear stiffness degradation case, the 
RMS ratio criterion was successful in detecting and quantifying damage with the skewness 
criterion somewhat successful, however the RMS ratio gave no indication for the bi-linear 
model and a combination of the skewness and means difference test was required to detect 
and locate damage. It has been reported by Shiryayev and Slater [171] that non-linear systems 
modelled with bi-linear stiffness characteristics such as Auto Regressive Moving Average-
based time series approach, changes in probability density functions, and low order state 
space models, have been successfully used to detect changes in natural frequency [171]. 
Ultimately it was concluded that although strong non-linearity produces an RD curve which is 
significantly different from that of the free response curve, modal parameters alone are not 
sufficient for localising and characterising defects.  
Furthering the findings from their previous paper, Shiryayev and Slater [171] employed the 
Difference Signatures RD technique to quantify cracks in an FE frame-like structure. It was 
found the orientation of the crack and richness of the signal response determined the ability to 
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detect. Using a trigger level of 1.5σx and sample times 2.5 and 3.5 seconds long, two cases 
were considered: (1) noiseless data, (2) 10% Gaussian noise (defined as ratio of standard 
deviation (STD) of noise to the STD of the original signal) with a 5% bias (the added noise is 
approximately 5% of the STD of the original signal and did not vary with time). No 
conclusions were made regarding sample length, and although the damage could not be 
pinpointed, the onset of non-linearity in the surrounding area was detected. The addition of 
noise obscured the changes to the RD signature in the presence of damage, and limited 
detection to presence only – not location, again reinforcing the idea that the ability to detect 
defect location is based on the richness of the signal. It was suggested to excite higher modes 
in the expectation of causing more significant deformation and a more obvious structural 
response, however in practice this requires higher sampling rates and a network of sensors. 
In 2008 Shiryayev and Slater [8] applied the RD technique to a composite beam with a fixture 
of high stiffness and low weight in an effort to reduce the influence of the shaker on the 
response signal. It was found that the 5th mode in the power density spectrum recorded the 
largest difference between damage and undamaged structures with a 2.4% reduction in 
frequency. A combination of trigger levels and time increments found that some combinations 
had a better success rate of damage detection. This was attributed to cracks not behaving as 
breathing cracks as well as distortion in the data acquisition (DA) system. This also indicates 
that an acceptance criterion has to be placed on the raw data signatures such that once an 
average is established, outliers to this average are excluded and a new average is formed. 
Although detection capability was improved, localising the damage was not always possible, 
and was dependent on excitation level. 
A literature review by Shiryayev [156] states that the success of the RD technique currently 
stands at ‘level 2’ damage analysis, i.e. detection, followed by location. However even this is 
highly dependent on the structure and environment parameters. Previous attempts report 
success at damage location only when considering higher modes; one paper [173] reviewed 
monitored natural frequencies and damping ratios obtained from curve-fitted autoregressive 
models to form the RD signature. Other studies [174, 175], under the assumption of linearity, 
achieved damage location by estimating the mass, stiffness and damping matrices from the 
RD signature. 
In a thesis paper on fatigue crack detection in a 5 DOF frame-like structure (similar to an 
idealised wing structure of spars and ribs), Shiryayev [156] applied the RD technique and 
compared results to both FEA and experimental results. Similar to the previous studies, 
detection was limited with the presence of noise, and was more successful with higher 
excitation levels (> 1.0g RMS). Often detection was possible but location was not. Thirty data 
sets were used to form the RD signature, following which ratio of standard deviations, 
difference of means, and skewness tests were applied. The skewness test could not reliably 
detect damage, whereas the STD ratio and difference of means tests were able to detect and 
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locate damage under certain conditions. Sensitivity of detection was found to decrease with 
increasing distance between the defect and excitation source, hence it was surmised excitation 
across all DOFs would allow easier observations. The conclusion here is that different 
statistical tests may be used for different damage types. 
2.5.3.5 Conclusions and future investigations of RD techniques 
RD provides a means of avoiding measurement of the input force, which naturally lends this 
technique to SHM applications whereby the inspection time period can be reduced and life 
extension of the structure can be achieved through real-time monitoring and detection of 
damage. A high level of damage detection and characterisation can also lead to structural 
integrity assessments by means of estimating the severity of the damage. 
The major issue facing RD is the variability in the signature due to the change in input 
conditions and damage – despite its insensitivity to input excitation. Any analysis using this 
technique would require an extensive sensitivity analysis of system parameters. 
Further assessment of the RD technique requires identification of the number (sensor density) 
and optimum sensor location (proximity to damage), damage locations, excitation level and 
location, frequency range for given flaws, sensitivity analysis, limitations of experimental 
equipment to record and analyse multi-mode cases, RD signature length and trigger level, and 
identify the type of non-linearity based on RD signatures [8, 169-171].  
Ultimately, the number of input conditions and output response measurements required to 
provide unequivocal identification of damage needs to be defined. Typically a large number 
of input parameters are established and a large database of experiments are performed [167]. 
These studies are typically performed on simple one-dimensional geometries, and the 
investigations have seldom been applied to more complex two-dimensional and subsequently 
multi-dimensional structures. 
2.5.4 Vibrational mode shapes analysis 
2.5.4.1 Introduction 
Similar to the above techniques, analysing vibrational mode shapes (MS) as a method of 
damage detection relies on changes in the local stiffness (or flexibility) of the structure, which 
subsequently alters the modal parameters (e.g. natural frequency, mode shapes) and structural 
parameters (e.g. damping). Changes in the stiffness matrix of composites can be used to 
detect and locate damage from just a few of the lower modes as the matrix quickly converges 
with increasing frequency [166, 176]. Measuring the lower modes also avoids some of the 
problems associated with non-linearity, which typically affect lower modes much less than 
higher modes. Stiffness changes used to calculate mode shapes require additional calculations 
of inverse and non-square mode shape matrices, whereas the stiffness calculations require 
only basic matrix multiplication [176]. 
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Similar to the RD technique, no analytical/numerical model is required for vibrational mode 
shape analysis. However, prior knowledge of the modal parameters of the undamaged 
specimen is usually necessary. Some success has been achieved in extrapolating healthy 
(undamaged) MS from damaged MS [165, 177, 178], however due to the approximations 
involved the calculated healthy MS will never be as accurate as a measured MS of a healthy 
specimen. The mode shape technique is particularly sensitive to changes in bending stiffness, 
hence when the damage is located in areas of high bending moment stresses the ability to 
detect and quantify damage is enhanced. Another facet of the mode shape technique shared by 
other dynamic response-based damage detection methods is the assumption that modal 
parameters – natural frequency, mode shapes, associated transfer functions (TF) and 
frequency response functions (FRF) – are functions of the physical properties of the structure 
[179]. 
When knowledge of the undamaged model or an analytical or numerical model is available, 
the measured dynamic responses can be compared to these models to establish damage 
location, characterisation and severity [165]. 
2.5.4.1.1 Mode shape displacement and mode shape curvature 
Mode shapes can be measured in two forms: mode shape displacement, and its double 
derivative mode shape curvature. Both MS displacement and MS curvature techniques are 
sensitive to structural variations and can provide damage presence information [156, 169]. 
The MS curvature technique also provides damage location in such a specific manner it can 
also be used for damage size estimation, whereas MS displacement is generally limited to 
damage detection only [166, 180]. MS displacement has been successful applied in detecting 
damage in bridges, wind turbines and other civil structures [166]. 
Curvature is proportional to bending strain, and by measuring strain in experiment (in place of 
an acceleration or displacement), the curvature mode shapes can be calculated directly [180]. 
Discontinuities in the MS curvature is due to the local stiffness loss (damage), and when MS 
curvature from several modes are considered in conjunction with analytical or numerical 
models, then the damage location, type and severity can be estimated [179]. When data for an 
undamaged structure is present, damage presence and location can be established by 
comparing the amplitude difference between the MS curvature of the healthy and damaged 
structures [9]. 
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2.5.4.1.2 Excitation and Measurements 
Mode shapes are typically measured using PZTs (Piezoelectric transducer constructed of lead-
zirconate-titanate), PVDFs (polyvinylidene fluoride film), accelerometers, strain gauges, or 
Scanning Laser Doppler Vibrometer (SLDV or SLV) [166]. The SLV provides a dense spatial 
pattern of non-contact measurements of a structural vibration response (at a velocity 
resolution of approximately 0.3 μm/s), which allows access to measurements of the higher 
modes required for detection of small defects. The SLV can provide much better resolution 
than widely spaced PZT or other sensor types [9]. PZT sensors have the ability to detect 
damage, however interpretation of their signals is strongly dependent on their number and 
location. When using the SLV, an external load or exciter (such as a shaker) must be applied. 
A further difference between an SLV and PZT, is that the latter can allow more direct 
measurement of the MS curvature, whereas the SLV can only measure MS displacement; it is 
this feature which lends PZTs to use in SHM [165]. 
PZTs can be used as both actuators and sensors, for which the applied signal is often in the 
form of periodic chirps, wideband chirps, random sweeps or high frequency bursts. Sine-
sweep excitation results in smoother MS curvature due to the averaging process, however this 
same process results in reducing the sensitivity of the technique to smaller damages that may 
be ‘averaged out’ [165, 179]. An alternative form of excitation is to use an impulse hammer, 
which has been found to produce higher amplitudes of damage indicators as compared to 
continuous excitation from PZTs, which led to better damage identification [179]. 
Experimental error and experimental scatter, especially at higher modes, is the predominant 
feature that limits modal NDT techniques. Averaging results is a typical method of reducing 
this, although it can also average out small defects. It was reported by Zhang and Akhtan 
[181] in 1998 that a novel deformation parameter, Uniform Loading Surface (ULS), which 
assumes a uniform loading, was successful in reducing truncation effects, experimental error, 
and helped identify the selection of mode shapes for damage identification by using the 
flexibility and mode shapes to yield an averaged result [165, 181]. This concept was extended 
to 2D structures in 2003 using a Chebyshev polynomial to calculated MS curvature 
(previously a central difference method was employed). It was thus found that combining MS 
curvature from the ULS method with those from a gapped-smoothing algorithm 
(approximates healthy MS from a damaged one) resulted in a technique that is not only 
sensitive to local damage but is also robust against truncation effects [165, 177]. 
2.5.4.2 Application of the MS technique for damage detection 
Prior to application of the MS technique, the focus for modal analysis was on natural 
frequency (i.e. FR) and damping parameters (i.e. RD). Pandey et al. [180] were among the 
first to employ an FE model to generate a MS displacement, to which a central difference 
approximation scheme was applied to yield the MS curvature. The issue with this technique is 
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that the averaging process makes the MS curvature insensitive to small damages. It was later 
concluded in several papers that as this technique is somewhat lengthy in calculation, an FR 
analysis should be first performed to detect the presence of damage, following which MS 
curvature methods could be employed to determine damage location [176, 180]. 
Studies following on from Pandey et al. [180] a combination of MS curvature, MS 
displacement and natural frequency peak shifts to detect damage in composites. FE models 
with the aid of damage indices, and later MS curvature in the form of FRF or TF provided 
new means of detecting and locating damage without the need of base-line parameters [179, 
182-185]. The application of damage indices with MS curvature over a frequency range 
before the first resonance or anti-resonance found that modes were required to detect smaller 
damage, although lower modes provided better accuracy with a higher signal-to-noise ratio 
[165]. 
Strain energy analysis based on modal parameters was explored Qiao et al. [165] using the 
advantage that normalisation with respect to mass is not necessary, and just a few modes are 
necessary for reliable calculations. However the technique is limited to analytical plate and 
beam structures and can only detect stiffness reductions of greater than 10%. It was later 
shown that the sensitivity was improved by considering the axial and torsional response of the 
structure, however results were inconsistent as they were heavily dependent on damage 
location, severity and the number of modes included in calculation. 
Ghoshal et al. [166, 186] used a Scanning Laser Doppler Vibrometer (SLV) to detect 
embedded delaminations at different ply levels, different distances from sensors, as well as 
the delamination size, presented in Figure 2-46. Flexural and twisting modes were analysed as 
they provide exaggerated amplitudes compared to in-plane and axial modes. Vibration 
deflection shapes (VDS) or MS displacement were employed to detect damage in a 
delaminated fibreglass curved plate and honeycomb intertank panel in a bandwidth of 1 Hz – 
20 kHz; beyond this frequency the signal-noise ratio quickly decreases to a point where is 
becomes unusable. Initially a 2D FEA model provided a basic FR response of the system for 
each delamination: the higher frequencies uncovered delamination more clearly, with variance 
in frequency peaks of 0.5% - 2% for the first 4 modes. Results using the SLV found an 
increased variance of 2% – 6% for the same modes. Delamination was most detectable when 
located at the midplane of the laminate (lowest bending inertia) and when the VDS was 
inspected at higher modes (Figure 2-47). In the case of the SLV, the twisting mode was more 
sensitive than the bending mode to damage. 
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Figure 2-46: Graphite/epoxy composite coupons with embedded delaminations [166] 
 
Figure 2-47: Vibrational deflection shapes (MS displacement), (a) delamination identified under 5.0 
kHz excitation, (b) delamination identified under 5.0 kHz excitation, (c) undamaged structure VDS 
showing presence of PZT under 5.5 kHz excitation [166] 
Furthering this analysis, Ghoshal et al. [166] found that VDS curves could not be used to 
characterise delamination at low frequencies, and only global damage detection was possible 
at higher frequencies (3.6 – 4.2 kHz). An improvement on this was found for the highest 
frequencies explored (8.2 – 9.1 kHz), which provided greater global distortion, particularly 
for delaminations closer to the midplane. Combining this technique with FR allows global 
detection and limited localisation. Larger delaminations were detectable at lower frequencies, 
but only the high frequencies could detect smaller delaminations; low frequency VDS is thus 
highly dependent on damage size, type, and position of the actuator relative to damage. It was 
also found the VDS curves could differentiate between a delamination in the bond of the PZT 
actuator to the laminate, and a delamination within the laminate directly below the actuator 
(providing data of an undamaged specimen is first recorded). It was reported that the energy 
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transfer from an actuator across a delamination is reduced for some frequencies, indicating 
delaminations act as stop/pass filters. Further work by Ghoshal et al. can be found in [187, 
188] 
Staszewski et al. [189-192] investigated the use of guided Lamb waves to detect and locate 
damage in composite aerostructures based on an actuator-sensor system at different points 
across the structure. This non-contact method employed an SLV to measure the dynamic 
response of the structure and estimate the severity of delamination damage in a flat composite 
panel. Data smoothing and filtering techniques were required to improve the clarity of results. 
Gao et al. [193] and Lu et al. [194] explored various damage algorithms (such as a damage 
localisation vector, DLV) in conjunction with MS curvature and applied these to various 
damage types (delamination, saw cuts, impact damage) in composites. Some success was 
achieved in detecting closely spaced, multiple damage cases by detecting changes in structure 
flexibility. In general, for smaller/less severe damage, results were either inconclusive or 
inconsistent [165]. 
Yoon et al. [178] used a curve-fitting and averaging technique to avoid the need for data from 
undamaged structures (no model, no base-line tests); the healthy MS curvature was 
approximated from damaged specimens under the assumption that healthy mode shapes are 
smooth without irregularity. A 2D gapped smoothing method (GSM) is used to detect and 
locate damage by measuring small local reductions in structural stiffness. When the structure 
is not homogeneous with respect to stiffness in the undamaged state, knowledge of an 
undamaged structure is necessary. When the damage is small compared to the total surface 
area, a statistical treatment of the damage indices will show these features as outliers. This 
was successfully applied to a composite plate and composite hull structure. 
Furthering the above findings, Lestari et al. [179] applied a curvature damage factor (CDF) 
and damage index (D-index) to evaluate the damage state, for which both techniques had 
similar results. Nodal points close to the damage location made detection difficult, and 
excluding these from calculation improved results. Similarly, surface imperfections and PZTs 
placed too close to the boundary conditions resulted in unreliable data. Although the 
technique was able to identify the boundaries of a single large delamination, it could not 
distinguish between this case and that of multiple delaminations of the equivalent size. 
Ultimately, not all delaminations could be detected all the time using MS curvature. Saw cuts 
were most easily detected, followed by delaminations (large to small), and lastly impact 
damage was the most difficult to detect. This is explained by the equivalent stiffness loss each 
damage type causes in the structure, with the least detectable damage type causing the least 
stiffness loss. 
Qiao et al. [165] employed both PZT (continuous-sweep sine excitation) and SLV to measure 
MS curvature and displacement respectively in damaged composite beams. It was found that 
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the reliability of measurements was strongly dependent on the quality of the response. The 
MS curvature was calculated from SLV measurements using second-order derivatives based 
on the fourth-order central difference approximation: 
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where k' is the MS curvature at the ith grid point, wi is the displacement at node i for mode j, 
and h is the distance between grid point i and i+1 [165]. Three damage algorithms were 
employed in conjunction with the MS displacement and curvature: Gapped-Smoothing 
Method (GSM), Generalised Fractal Dimension (GFD), and Strain Energy Method (SEM). 
Further details of these techniques can be found here [165]. An FEA analysis using LINK10 
elements (3D spar elements with bi-linear stiffness; similar to gap elements) were used to 
model delaminations. The direct effects of the delaminations on natural frequencies were from 
1-8% for modes 2-4. For the numerical technique (FEA) and experimental techniques (PVDF 
sensor and SLV measured), damage is barely detectable using MS displacement, however the 
boundaries of the damage are obvious using MS curvature (Figure 2-48). In order to compare 
SLV and PVDF results, their MS are normalised by evaluating the RMS. For both systems the 
MS curvature provided more obvious damage presence and location over MS displacement. 
The ULS technique (obtains damage parameters, described above) was applied for each of the 
three damage detection algorithms, which do not require knowledge of a healthy structure. 
The most successful of these was the GSM algorithm, shown for each of FEA, PVDF and 
SLV analysis in Figure 2-49. 
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Figure 2-48: Small delamination in the middle of a composite cantilever beam. Damage is located in 
the following sensor locations: FEA 44-56 (13% of beam length), PZT 11-13 (11% of beam length), 
SLV 37-43 (7.5% of beam length) [165] 
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Figure 2-49: Small delamination in the middle of a composite cantilever beam. Damage is located in 
the following sensor locations: FEA 44-56 (13% of beam length), PZT 11-13 (11% of beam length), 
SLV 37-43 (7.5% of beam length) [165] 
Although the GSM analysis yielded distinct peaks at the beginning and end of the damage, the 
experimental results also gave multiple peaks away from damage locations. The wide spacing 
of the PVDF sensors yielded broad peaks as well as a small number of discrepancies away 
from the damage. By contrast the SLV measurements had much sharper indications of the 
damage boundaries, but also showed smaller peaks away from the damage site. Although the 
GFD does not require smoothing, it suffers from false indication in regions of high curvature 
due to the amplification effect the GFD algorithm has on calculation of second derivative 
curvature modes and the errors inherent in the filtering process and calculation of a scale 
parameter that requires empirical adjusting. The SEM method is successful in locating 
damage, however when the damage is small, multiple peaks makes identification difficult. 
The SEM and GSM algorithms are similar in derivation and in general were found to be more 
accurate than the GFD algorithm. All algorithms were found to suffer from additional peaks, 
which can promote false detection, particularly the GFD algorithm. The additional peaks 
found using GSM and SEM are relatively small compared to those of the damaged region and 
are thus acceptable. Use of the ULS technique with the damage algorithms was reported by 
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Qiao et al. [165] to allow damage detection, location and in some instances damage size 
indication. 
More recently, D’Cruz and Herszberg [195, 196] investigated a through-width 50 mm wide 
delamination in a composite beam using operational curvature shapes (OCS), which are 
determined from the double derivative of the operating deflection shape (ODS). The 
fundamental difference between a mode shape (MS) and an ODS is how and when they are 
generated: MS characterise a structure and occur when a resonant vibration is formed within 
the structure (the interaction of inertial and elastic material properties), whereas ODS is the 
vibratory deflection shape for any given input force (i.e. an ODS can occur outside of the 
resonant frequencies of the structure) [162]. The OCS is generated using two analytical 
methods and compared: the Operating Deflection Shape Frequency Response Function (ODS 
FRF) and the random decrement. Both of the methods can be applied without measurement of 
the input excitation. The OCS is calculated from the ODS, which in turn is calculated through 
the FRFs, and subsequently damage indices (or structural irregularity indices) are applied to a 
predefined discrete grid pattern on the structure. The ODS FRF technique was calculated as 
follows: 
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Where X and Y represent the response at two points, SYX(iω) and SXX(iω) are the cross and 
auto power spectrums of x(t), the input, for which (iω) is the complex frequency variable. The 
RD technique yields the FRF using an equation, analogous to that above: 
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Details of these calculations can be found in [195, 196]. The OCS can be subsequently 
calculated using a forward, central or backwards finite difference scheme. 
Eight PZT patches were used by D’Cruz and Herszberg [195, 196] to apply the same random 
excitation (bandwidth 5 – 10 kHz) simultaneously onto the composite beam, and nine 
accelerometers beneath the delamination recorded the response. The input excitation was used 
as a means of validating/comparing the resulting ODS FRF and RD signals using 
conventional TFs. It was found that both linear and logarithmic contour plots of the sum of 
squares of the OCS (real and imaginary components) show the approximate boundary of the 
delamination. Similar success was found when inspecting the phase and magnitude plots of 
the cross-power spectral densities (CPSD) and transfer functions. 
The ODS FRF technique was also investigated by Ratcliffe et al. [197, 198] and validated on 
the Delaware bridge in 1998. It has since been successfully applied to US navy composite 
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ship structures [199]. In this case the FRF is calculated at a number of points through 
measurement of both the structural response and excitation from a modally tuned impact 
hammer. The technique has been named the Structural Irregularity and Damage Evaluation 
Routine (SIDER), and is sometimes referred to as the ‘roving hammer technique’. The 
technique has been used to identify small damages and their locations; for example it was 
reported a 0.051 mm machined grove on a 102×914×0.318 mm steel beam could be detected. 
This application of the ODS FRF technique requires several accelerometers and a large array 
of hammer points. This can require a large number of accelerometers, time consuming data 
acquisition, and difficulty automating the process. Recently, Ratcliffe et al. [200] proposed an 
alternative approach to SIDER using a reciprocity theorem, whereby excitation from just a 
few sensors in a small array of microelectromechanical system (MEMS) accelerometers 
provided remote sensing and an increased possibility to automate the system. Upon 
comparison of the SIDER technique and the MEMS array method to the vertical stabiliser of 
an Airbus A320, it was found that despite the lower quality of the MEMS accelerometers, 
repeatability was excellent, and the increased noise content (two orders of magnitude higher) 
and decrease in resolution did not impair the accuracy of the results. 
2.5.4.3 Conclusions and future investigations of mode shape analysis 
Several improvements have been made on the MS technique, including improvement in 
equipment (increased sensitivity and power), and post-processing techniques (noise 
elimination, damage algorithms). When actuators are operated at higher energies, the signal-
to-noise ratio is improved but the level at which this can be achieved is limited by the 
equipment [166]. This problem is exaggerated in highly damped structures.  
The ULS technique not only provided a means to reducing truncation effects and 
experimental error, but aided selection of MS curvature, as individual MS curvature can be 
misleading. It was also found that despite the high resolution of the SLV, it showed multiple 
false peaks, most likely attributed to the numerical process in estimating curvature. Its 
inherent high sensitivity may have also picked up manufacturing imperfections; a filtering 
process may improve this [165]. 
PZTs and PVDFs have less irregularity than the SLV measurements, however the relatively 
coarse grid of sensors limits the resolution and may result in missed damage detection [165]. 
Although PZTs average measurements across their length, which can lead to missed detection 
of damage directly beneath them, in an SHM environment they could be placed at non-critical 
locations such that if there was damage beneath them, it could be allowed to grow to a 
measurable size that would not compromise the structural integrity. Some studies have 
considered in-situ applications of the MS technique using PZTs by proposing a technique of 
measuring the life of a PZT patch over long periods of time [166]. 
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It was shown that it is possible to calculate MS curvature from MS displacement, and 
similarly estimate a healthy MS from a damaged one. The major issue with both of these 
techniques is in their averaging process which has the potential to hide small damages. 
From the above literature review, two important points are apparent to the application of these 
methods to structural proof testing of composite aerostructures: first is that the quality of the 
recorded response has significant effect on the level of damage detection, and secondly the 
assumptions and calculation methods applied to form the mode shapes must be selected based 
on the type and level of damage detection/identification necessary. 
2.5.5 Damage detection using wavelet transforms 
2.5.5.1 Introduction 
Wavelet transforms (WT), which have been used since the early 1980s [144], are a means of 
multi-scale or multi-resolution representation of signals [201] and are applied here as a means 
of extracting modal parameters such as natural frequency, mode shape, and damping 
coefficients from a system under a random, non-stationary and unknown excitation (‘output 
only’ technique). WT often follow on from the random decrement technique in that it is used 
to provide higher resolution than the RD technique can manage alone: the RD is first applied 
to determine the free response of a structure under random excitation, following which WTs 
are applied to extract modal properties. The WT has many other advantages including the 
coupling of modal components and it does not require band-pass filtering in MDOF systems. 
Furthermore, the statistical features in wavelet coefficients are more effective than those 
statistical features extracted from other time-frequency domain analyses [156]. Ultimately it is 
the higher resolution of modal parameters WT provides that lends this technique to damage 
detection; for example, damping coefficients that normally suffer from noise and 
measurement errors can be more accurately approximated using WT. Similarly, those features 
that cannot be reliably extracted using conventional techniques such as Fourier transforms can 
be identified using WT [144, 155, 201-204]. 
FTs are of fixed resolution at all frequency components and the time averaging effects does 
not allow detection of small irregularities. WTs however have varying resolution such that the 
higher modes are resolved in higher resolution in the time-frequency domain; each level of 
resolution has its own energy level. Similarly, FTs cannot provide detail of the extracted 
parameters in terms of the time-domain, whereas WT allow extracted parameters to be 
defined in the time-frequency domain. The WT technique can be applied to both non-linear 
and non-stationary data in dynamic conditions. It is the multi-resolution approach that defines 
the wavelets for which the resulting spectrum can indicate damage directly, and more clearly 
[9, 144, 202]. 
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The advantage of this technique is more detailed investigation of the transient behaviour and 
discontinuities present in non-stationary signals [201]. Some features (such as an 
instantaneous impulse) can be lost on the time axis when calculating the FT, whereas the WT 
due to its localised nature provides both time and frequency of the event. In short, the wavelet 
compromises between the time domain (raw data) and the frequency domain (FT) by 
considering a time-frequency description of the signal [201]. 
2.5.5.2 Formation of the wavelet transform 
Given a structural vibration response x(t), the analysing wavelet (called the ‘mother wavelet’ 
or ‘prototype wavelet’) ψ(t) represents a family of wavelets, often referred to as a series of 
‘son’ wavelets. The son wavelets (referred to herein as WT) are calculated through dilation 
and translation of the mother wavelet, where a is the dilation/scale parameters (the support 
width of the son wavelet), b is the translation parameter (localises the son wavelet in the time 
domain), and a1  ensures energy conservation [155, 201]: 
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This is sometimes written as the convolution function, where s(τ) is an arbitrary signal, g(τ) is 
the parent wavelet, and t is the translation parameter [160]: 
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Further description of the mathematical analysis for calculating the WT can be found in [160, 
201, 204, 205]. 
2.5.5.3 Application of the WT technique 
Following on from the development of the random decrement technique, stochastic sub-space 
modal analysis methods have been applied successfully to randomly excited mechanical 
systems [201]. Traditionally, the Morlet wavelet function is used, however more recent 
studies have applied a particular form of the son wavelet function, improving results. The 
Morlet WT is defined as: 2
2
0)( ttj eet −= ωψ , where 0ω  is the central wavelet frequency. The 
dilated FT of )(tψ is defined as: ( ) 20212)( ωωπψ −−= eaw . The modified Morlet WT applied 
by Lardies and Gouttebroze differs as follows: the Morlet WT is defined as Nttj eet
2
0)( −= ωψ  
and the FT of )(tψ defined as ( ) 204)( ωωπψ −−= aNeNaw , where N allows a narrower 
spectrum and thus higher resolution for closely spaced modes. Increasing this value increases 
the frequency resolution but decreases time resolution. An optimal value of N had not been 
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established by Lardies and Gouttebroze [201], however their technique did improve on the 
resolution of modal parameters. 
The successful application of continuous WT in detecting cracks in a cracked generic rotor 
was performed by Zou et al. [155]. The damage algorithm used to detect the cracks was found 
to be highly dependent on the sampling frequency for success; a high sampling frequency was 
required for detection. 
Meo et al. [160] applied WT to a suspension bridge under ambient excitation loads (<5 Hz). 
Displacement responses were measured to which filters were applied to remove non-zero 
noise. Following this an RD signature was employed to determine the free vibration response, 
and WT were then used to extract natural frequencies and mode shapes. Comparing this 
relatively new technique to the well-established and reliable ‘eigensystem realisation 
algorithm’ found a difference in just 1% for the first natural frequency. Due to the low 
excitation level, higher modes above the first natural frequency were not possible. 
Lardies [204] employed a version of the son wavelet function (similar to that above) to 
identify modal parameters (resonant frequencies) in an acoustic enclosure (speaker enclosure). 
Again RD signatures are used to establish the free acoustic response. By minimising the 
wavelet entropy of the mother wavelet an optimal value of N was obtained for the son 
wavelet. The phase of the WT directly relates to the natural frequencies, and the modes are 
then separated through the inverse WT (reconstructed signal). Over the frequency range 
analysed this technique was found to be accurate, which was gauged by its ability to detect 
modes that cannot be found using Fourier transforms.  
Another field which can utilise the detail provided using WT analysis is that of acoustic 
emission (AE) testing [144, 202, 203]. Qi [144] employed the WT signal processing 
technique to detect and quantify damage in composite materials under quasi-static tensile 
loading, referred to as a ‘wavelet-based acoustic emission analysis’ (WT-AE). AE signals are 
recorded as damage propagates, and the Daubechies discrete wavelet was used to acquire 
individual wavelet-based results in the time-frequency domain which are otherwise not 
possible using conventional techniques such as Fourier transforms. Qi noted that where a FT 
analysis failed in detecting local changes, the WT divided the time-frequency domain into 11 
frequency ranges. For each of these energy levels, consideration of the full waveform (as 
opposed to AE counts) provided a means of determining different potential failure modes. 
Excellent agreement between wavelet-based prediction and experimental tests showed that 
WT-AE has potential for detecting small damages as well as predicting residual strength, 
residual stress, and stress intensity factor in composite structures under load. The WT feature 
characterisation not only supported this aspect, but was also shown to provide a better 
estimation of the relationship between stress and stress intensity factor. 
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The WT-AE technique was also used to quantify damage in composites due to low velocity 
impacts [203]. Detection of matrix cracks and free-edge delamination was possible due to the 
decomposition of the AE signal by WT. Without this decomposition, sensitivity to defects is 
low. The transient characteristics of an AE signal due to impact damage was also investigated 
using WT-AE analysis with the result that damage states could be identified individually; 
both characterisation and severity. 
2.5.6 Conclusion to modal analysis (FR, RD, MS and WT) 
There are various techniques for measuring or calculating modal parameters, the purpose of 
which is to monitor changes in these parameters and correlate these changes to changes in the 
global system, for which closer inspection and analysis may provide further evaluation. Each 
modal analysis has its advantages, disadvantages and limitations with respect to detection 
capability under different conditions. 
The frequency response technique is the simplest and is also the most limited. Each signal 
record is unique to that structure and testing system condition. Damage analysis from natural 
frequencies obtained via this method is almost always limited to detection only. Furthermore, 
the technique has difficulty in detecting small damage due to truncation and coalescence of 
high frequencies and therefore it is difficult to determine whether a small change exists in this 
region. Numerous sensors may provide some indication of damage location and severity, and 
an application of intelligent damage algorithm may provide a means of automation. 
The random decrement technique is an output-only technique primarily used for determining 
the free vibration response (damping response) of structures under unknown excitation. No 
model is required and the signature is invariant of input conditions until damage is present; 
however a different signature may result when the sensor location is changed indicating 
unique RD signatures for each setup. It was also noted that when the excitation source is far 
from the damage, then detection is difficult and therefore multiple sensors are required. Noise 
often obscures the results, which limits the technique to detection only. However under ideal 
conditions RD can be used as a technique to predict residual fatigue life with little error when 
applied to the last three-quarters of a structures fatigue life. The single biggest advantage of 
RD is yet to be exploited: a means of in-situ SHM, which has the potential to reduce service 
intervals and allow less conservative design of structures by monitoring their integrity in-
service.  
Mode shapes are calculated in two forms – MS displacement and MS curvature – with the 
latter providing much more obvious damage detection. The SLV provides a high resolution of 
measurements, however is limited to measuring MS displacement only. The MS displacement 
from the SLV or any other technique can be used as a basis for calculating MS curvature, 
although the averaging process can be the cause of missed detection for small defects. 
Similarly, approximating a healthy MS from a damaged one is possible but the same problem 
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exists for small damage. This last method is only valid when the structure is homogeneous 
with respect to stiffness. 
Wavelet transforms are a more recent (in the sense of their application to damage detection in 
composites) and complicated form of signal analysis, and due to their multi-resolution 
calculations in the time-frequency domain, they are one of the most accurate and useful forms 
of signal analysis. It is this multi-resolution in the time-frequency domain that allows WT to 
detect damage that cannot otherwise be found using traditional Fourier transforms. As such, 
WT have been applied as a secondary signal analysis technique following on from acquisition 
of an RD signature or an acoustic emission signal as it provides higher resolution of damage 
or modal feature extraction. 
Several papers [9, 10, 68, 156, 167] recommend the use of neural networks (NN), however 
these require a huge database of responses to be recorded for which the time and cost can be 
expensive. Despite this, when NN are properly established the damage feature indices can 
provide detection, location and severity of the damage [9]. Similarly, although damage 
algorithms are necessary for automation and a high level of detection, they are typically 
complex and are successful in a limited number of scenarios. 
The applications and benefits of the WT technique suit the aims and methodology of 
structural proof testing, particularly when combined with RD in the case of an unknown input, 
and similarly with AE in terms of detecting, characterising and assessing the severity of 
damages. Although the technique has been applied to composite structures [144, 202, 203], it 
has been limited to simple numerical models, analytical models or simple representative 
beams rather than complex structures. There is yet much to be thoroughly studied and 
evaluated since the ability of this technique to detect damage in composite structures is still 
unclear for the various damages types. 
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2.6 DISCUSSION AND CONCLUSION 
A detailed literature review has been performed on all areas relevant to a novel non-
destructive structural proof testing methodology to support certification of composite 
aerostructures. To date, no research is focussed towards these ends. The literature review 
extends to cover the scope of current proof testing methodologies and practices, damages in 
composites structures, applicable NDT techniques to PT, and the ability of PT to predict 
mechanical properties beyond those possible using conventional NDI. 
A number of areas that require further research within the realm of PT have been identified 
throughout the literature review. In terms of damage detection, there exists a wide knowledge 
base of NDT techniques that can be applied during proof loading to detect and quantify 
damage. However, the scientific literature reviewed found that of the NDT techniques suitable 
to PT, the detection of small damages, passive damages, and damages located within complex 
composite structures is limited and has not yet been researched thoroughly/at all. 
A review of current structural proof testing standards and methodologies are presented, 
however research into PT of composite stiffened structures, particularly within the aerospace 
industry has not readily progressed to technology readiness or transitioned to production 
acceptance of aerospace composite structures. This can be attributed in part to a focus of 
research into in-situ condition-based maintenance, rather than focussing on changing the path 
of certification and methods of quality acceptance. A number of relevant precedents were 
examined and the possibility of successful damage detection and assessment of structural 
integrity was evaluated, while outlining a number of unresolved issues yet to be addressed. 
It is necessary within a proof testing methodology to determine to what accuracy different 
damage types can be detected, however it should be noted that this does not mean absolute 
quantification is necessary, per current certification requirements. Discussion of composite 
damage mechanisms in stiffened panels under a proof testing methodology revealed a number 
of precedence for modelling delamination, however consideration of small delaminations, as 
well as passive, non-propagating damage such as voids and porosity has not yet been 
significantly explored.  
Stiffness-based damage detection techniques have been found to be effective for monitoring 
the physical change in structures under loads, particularly with reference to an undamaged 
base-line structure. However these analyses have been limited to large damages and simple 
structures, and have not yet been applied to complex structures under proof loads. As such, 
surface displacement mapping and surface strain mapping will be applied to determine the 
detectability of different damage types, sizes and locations within a T-stiffened panel.  
Monitoring the vibrational response potentially provides a higher sensitivity of damage 
detection in terms of damage presence and location, over stiffness-based damage monitoring 
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techniques. A number of techniques were reviewed, and subsequently the most appropriate 
technique to meet the current objectives was that of mode shape analysis. As such, a number 
of numerical and experimental parametric studies are required to determine the applicability 
of vibrational analysis to detecting damage during proof testing; including studies of 
frequency response, modal frequencies, mode shape displacement and mode shape curvature. 
It was also concluded that in addition to stiffness-based and vibration-based damage 
monitoring techniques, acoustic emission monitoring can be used to detect – and with 
appropriate signal analysis – quantify most forms of active, propagating damage. AE was not 
pursued further in the current study as it is a well-established technique, however it is covered 
briefly due to its applicability within structural proof testing of composite aerostructures. As 
such, the following research chapters of this PhD thesis focus on small, and passive, non-
propagating damage. A brief summary of the techniques investigated in this chapter are 
presented in Table 2-2. 
This literature review provides detailed information on a number of critical areas, aimed at 
providing the necessary information to begin research work into a novel proof testing 
methodology to support certification of composite aerostructures. The current knowledge-
base is established and areas of new research work required are identified. Some of these 
areas are covered in the following research chapters of this PhD thesis. 
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Table 2-2: Summary table of NDT techniques relative to proof testing and composite structures 
NDT technique Advantages Disadvantages 
Visual inspection • Relatively easy to perform 
• Does not require large or 
dangerous inspection techniques 
• Lack of resolution 
• Limited to external surfaces 
of simple geometries 
Ultrasonic 
inspection 
• Detect a large number of 
composite defects and damages 
• Quantify the size, shape and type 
of defects 
• Requires significant 
equipment, precision and 
expertise 
• Limited to non-complex 
geometry due to 
measurement equipment 
accessibility issues / back-
reflection issues. 
Displacement 
mapping 
• Simple to perform, results 
relatively simple to process 
• Lack of resolution 
• Insensitive to most 
composite damages/defects 
Strain 
monitoring / 
mapping 
 
• Identify local modulus 
• Applicable to wide-field 
scanning 
• Non-contact 
• Some techniques are relatively 
simple to perform 
• Wide-field  
• Limited by depth of test 
piece 
• Geometry may hinder 
physical size of measurement 
equipment 
Acoustic 
emission 
monitoring 
• Measure very small damage 
events 
• Sensors can be placed anywhere 
on the structure 
• Sensors can be linked to in-situ 
monitoring system / ANNs 
• Real-time observation 
• Damage characterisation 
possible 
• Measurements not repeatable 
• Difficult to differentiate 
between damage types and 
damage sources, particularly 
when simultaneous damage 
occurs / sensitive to noise 
• Cannot detect passive and 
stable defects (e.g. porosity, 
voids, dry spots, wrinkles) 
• Multiple sensors required to 
capture large area and 
localise damage 
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Table 2-2: Summary table of NDT techniques relative to proof testing and composite structures (cont.) 
NDT technique Advantages Disadvantages 
Frequency 
response 
• Relatively simple to perform 
• Detect most composite 
damage/defect types 
• Can be performed in-situ 
• Sensitive to boundary 
conditions 
• Extracting significant detail 
from results requires signal 
processing 
• Damage characterisation not 
possible, and small defects 
difficult to detect 
• Measurements not always 
repeatable due to variation in 
measurements (e.g. subject 
to noise) 
Random 
decrement 
• Repeatable 
• Does not require the input 
vibration to be measured 
• RD signature  is independent of 
input signal and is invariant until 
damage is present 
• Can be performed in real time 
• RD signature affected by 
aliasing 
• Unique signatures are 
produced for each structure 
and sensor location 
• Multiple sensors required to 
ensure capture of all damage 
cases 
Vibrational mode 
shapes analysis 
• Can be performed in-situ 
• Sensitive to local damage 
• High resolution 
• Damage detection and 
localisation a sensitive 
function of the quality of 
measured response 
• Subject to noise, particularly 
at high frequency modes 
• May require significant post-
processing of results 
Wavelet 
transforms 
• Very high resolution of damage 
or modal feature extraction 
• Provides detailed investigation 
of transient behaviour of 
discontinuities. 
• Complicated signal analysis 
required 
• An additional signal 
processing technique to an 
NDT technique such as RD 
and AE. 
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3.1 INTRODUCTION 
The focus of Chapter 3 is on detecting and locating damage during structural proof testing 
(PT) by monitoring changes in structural stiffness. As a result of the literature of Chapter 2, a 
number of techniques that can be applied to measure changes in structural stiffness due to the 
presence of manufacturing defects and damage were identified, including surface 
displacement and strain monitoring, and shifts in modal frequency. The current study focuses 
on a T-stiffened panel as the case study, as it is susceptible to manufacturing damage, in-
service damage, and has difficult to inspect regions, thus providing a means of meeting the 
objectives of the thesis. Although some studies have been performed to detect large 
delaminations between the skin/stiffener bond-line of T-joints, the current study aims to 
further this research by considering much smaller defects along the skin/stiffener bond-line, 
as well as delamination, porosity and voids at the centre of the T-joint (the central fillet 
region, Figure 3-1). 
Skin
T-joint comprised of 
two L-stiffeners
Central fillet region
Most susceptible 
areas to defects & 
damage
 
Skin / panel
Fillet region
T-joint comprised 
of two L-stiffeners
 
Figure 3-1: T-joint, (left) two L-stiffeners and central vertical stiffener, (right) two L-stiffeners only 
Detection of manufacturing flaws within the centre of the T-joint as part of a structural PT 
methodology for certification is difficult to achieve in that the fillet region is not a load 
bearing area, hence any change in stiffness due to damage are expected to be minimal. The 
appropriate loading and detectable damage was investigated through a number of parametric 
studies. A complete parametric study of PT as a novel NDT concept should include the 
following: 
1. Variation in specimen geometry (in this case, stiffener geometry). 
2. Load types/combination of load types/load orientation/load magnitude. 
a. It is expected that increasing the load magnitude will enhance the detectability of 
flaws, by making changes in local strain (stiffness) more measurable in practice [84]. 
3. Damage type/location/quantity/distribution/size/shape/orientation. 
4. Boundary conditions. 
5. Material properties/fibre and resin type. 
6. Resin volume fraction/ply number/ply orientation/ply stacking sequence. 
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7. Environment (temperature, pressure, moisture, fluids). 
The above points can form a lengthy and costly experimental regime, thus FEA is frequently 
used as a reliable numerical modelling technique in order to quickly perform a number of 
parametric studies. A representative FE model of a T-joint was used to investigate the 
feasibility of monitoring structural stiffness change as a means of damage detection 
(particularly small and passive damages – the original contribution of this thesis to the current 
body of knowledge). MSC.Patran was used as both the pre- and post-processor, to model 
structure geometry, mesh generation, application of loads and boundary conditions, following 
which the numerical model was solved using MD.Nastran. 
A parametric study was performed to assess the damage detection capabilities of surface 
displacement monitoring and surface strain mapping on T-joints. This feasibility study 
provided an initial analysis for two different types of T-joint: a T-joint composed of an 
adhesive resin fillet region and adhesive resin between stiffener components (Section 3.3); 
and a T-joint where the resin regions were changed to 0° plies (Section 3.4). This provided a 
means of assessing both low-modulus and high-modulus bond-lines in terms of damage 
detection using stiffness monitoring. The results of this chapter provided the initial feasibility 
study, following which further experimental and numerical studies were defined. Section 3.2 
summarises the FE T-joint model parameters. 
3.2 FINITE ELEMENT COMPOSITE T-JOINT DEFINITION 
In order to determine the viability of stiffness-based damage detection methods in a proof 
testing scenario, a 3D solid element T-joint FE model was constructed. The model was given 
a unit depth in order to simplify analysis and ensure efficient computational times. The FE 
model was constructed of a ply-level detail using 3D hexahedral elements. 
3.2.1 Material properties 
The materials applied to all FE models within this project were based on typical carbon/epoxy 
composites and resins found in aerospace applications. A unidirectional pre-impregnated 
(prepreg) graphite/epoxy tape (T650/F584) was selected for both the skin and the stiffener, for 
which the 0° ply material properties are presented in Table 2-2 (the ply is assumed 
transversely isotropic in the 2– and 3–directions). 
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Table 3-1: T650/F584 graphite/epoxy tape, 0° ply material properties [57] 
Parameter Value Method of calculation 
ρ 1.77 g/cm3 – 
dnominal 0.14 mm – 
E11 156,500 MPa – 
E22 = E33 15,650 MPa – 
υ12 0.324 – 
υ23 0.35 – 
υ31 0.0324 Calculated: 
11
33
1331 E
Eυυ =  
G12 5,190 MPa – 
G23 1,530 MPa – 
G31 5,190 MPa Assumed equal to G12 
υ13 0.324 Assumed equal to υ12 
G13 5,190 MPa Assumed equal to G12 
υ32 0.35 Calculated: 
22
33
2332 E
Eυυ =  
G32 1,530 MPa Assumed equal to G23 
υ21 0.0324 
Calculated: 11
22
1221 E
Eυυ =
 
G21 5,190 MPa Assumed equal to G31 
σT 2,337 MPa – 
σC 1,585 MPa – 
σTT 46.6 MPa – 
τISS 126.9 MPa – 
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An adhesive resin (FM300-K) was applied between the skin and stiffener components. The 
resin material properties are presented in Table 3-2. 
Table 3-2: FM300-K material and mechanical properties [57, 206] 
Parameter Value Unit 
E 2,515 MPa 
υ 0.36 - 
G* 924.63 MPa 
ρ 3.267 g/cm3 
σmax** 55 MPa 
τmax** 35 MPa 
* This value is calculated from: )1(2 υ+= EG  
** For a nominal adhesive thickness of 0.15 mm 
3.2.2 T-joint geometry 
An idealised T-joint geometry is used throughout the study, and is representative of typical 
aerospace stiffened structures. The T-joint is composed of a skin, to which is bonded the T-
stiffener, which itself is composed of two tapered L-stiffeners and a central vertical stiffener 
(Figure 3-2). The dimensions of the T-joint are presented in Table 3-3. 
Skin
L-Stiffener
‘curve’
Resin, 
or 
0° ply
Central vertical stiffener
L-Stiffener 
taper
Ply 90° orientation
direction
 
Figure 3-2: Components of T-Joint (geometric surfaces shown) 
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Table 3-3: T-joint geometry 
Property Value 
Skin layup 8 plies: [45, 0, -45, 90]s 
Skin thickness 1.12 mm 
Model depth (normal to cross-section) 1 mm 
Length of skin 75 mm 
Stiffener layup 8 plies: [45, 0, -45, 90]s 
Stiffener thickness 1.12 mm 
Resin thickness between skin/stiffener 0.15 mm 
Resin thickness between stiffener components 0.15 mm 
Taper angle of stiffener (8 steps for 8 plies) 7.79o 
Taper length 6.97 mm 
Length of horizontal and vertical L-bracket stiffener 
excluding taper (not including radial section) 
8.79 mm 
Radius of curved section of L-bracket (inner) 1.12 mm 
Radius of curved section of L-bracket (outer) 2.24 mm 
Length of central vertical stiffener 36.36 mm 
3.2.3 Ply orientation definition 
Both the skin and stiffener were defined as having a [+45, 0, -45, 90]s layup (quasi-isotropic). 
In order to successfully model the orientation of plies throughout the joint, it was necessary to 
employ a number of axes, and material properties in order to maintain continuity of the 
material properties. Figure 3-2 shows the ply orientations for each component of the joint, and 
Figure 3-3 presents a detailed description of the 5 coordinate frames required to satisfy 
material property continuity across the structure: 
• Global rectangular axis: defines skin and right horizontal stiffener. 
• Local rectangular axis: defines all vertical stiffeners. 
• Local rectangular axis: defines horizontal left stiffener. 
• Local cylindrical axis: defines left curved stiffener. 
• Local cylindrical axis: defines right curved stiffener. 
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3
1
2
3
1
2
Global coordinate system for skin and 
right horizontal stiffener
Curved sections of L-stiffeners 
both have local cylindrical 
coordinate systems
3
1
2
Local coordinate system for 
left horizontal stiffener
θ
z
r
Rectangular
Axis 1 = x = 0°
Axis 2 = y = 90°
Axis 3 = z = through thickness
Cylindrical
Axis 1 = r = through thickness
Axis 2 = θ = 90°
Axis 3 = z = 0°
Local coordinate system
for vertical stiffener
 
Figure 3-3: FE T-joint coordinate frames 
The material properties for each ply orientation within the model were explicitly calculated. It 
was also necessary to calculate additional material properties for the plies under cylindrical 
coordinate systems (as opposed to the majority of the model, which utilised rectangular 
coordinate systems). For both the skin and stiffener, 3D orthotropic material properties were 
used for the 0° and 90° plies, and 3D anisotropic material properties were used for the off-axis 
±45° plies. A detailed description of the methods of calculation for each ply orientation and 
ply material property values are presented in Appendix 1. 
3.2.4 Application of ply properties within FEA 
The FE composite T-joint models were defined using 9 material cards and 21 property cards, 
where each ply orientation has a material property for both a rectangular and cylindrical 
coordinate system. The T-joint ply layup is presented in Figure 3-4. 
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+45° = light blue
-45° = dark blue
0° = red
90° = green
Resin = yellow
 
Figure 3-4: Ply layup of Model 5 T-joint 
3.2.5 Mesh dependence study 
Within the FE T-joint model an isomesh-scheme (structured mesh) was applied to all 
rectangular surfaces, and a pave-mesh scheme (unstructured) was applied to the central fillet 
region of the T-joint. A mesh dependence study was performed to determine the effect of 
element size on the resulting surface displacement and strain maps. Four mesh sizes were 
developed, in order of increasing number of elements: coarse, medium, fine and ultra fine 
meshes (see Figure 3-5 through Figure 3-10). While a detailed mesh provides greater 
accuracy, it also requires extensive computational time to solve. The computer used 
throughout the PhD thesis used an Intel® Core™ 2 Duo CPU (E8400 @ 3.00 & 2.99 GHz), 
and 3.48 GB of RAM. 
 
Figure 3-5: Coarse mesh in joint region 
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Figure 3-6: Medium and fine mesh in joint region 
 
Figure 3-7: Ultra fine mesh in joint region 
  
Figure 3-8: Coarse mesh in horizontal stiffener taper region 
 
Figure 3-9: Medium and fine mesh in horizontal stiffener taper region 
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Figure 3-10: Ultra fine mesh in horizontal stiffener taper region 
In order to determine the effect of the mesh on the solution output, surface displacement, 
surface strain (see Figure 3-11 for the path length) and structural modal frequency were 
compared. The number of nodes, elements, degrees of freedom (DOFs), and time to solve 
each model are presented in Table 3-4. 
Horizontal 1
Horizontal Taper
Horizontal 2
Curve
Vertical 1
Vertical taper
Vertical 2
 
Figure 3-11: Strain and displacement mapped against ‘path length’ 
 
 
Table 3-4: Mesh dependence study – number of nodes, elements, DOFs and time to solve 
Mesh type No. nodes No. elements Approx no. DOFs Time to solve 
Coarse 18,544 11,504 ~53,646 <5 min 
Medium 53,173 40,751 ~155,883 <10 min 
Fine 55,828 42,491 ~163,848 <15 min 
Ultra fine 166,348 164,040 ~494,112 <2 hours 
Although the medium mesh appeared to have good agreement with the ultra fine mesh in the 
displacement map (Figure 3-12), closer inspection of the strain map (Figure 3-13) found 
significant deviation in the 7-9 mm, 19-22 mm, 27-28 mm and 33-34 mm regions. This region 
Horizontal 1:  0 – 26.3 mm 
Horizontal Taper:  26.3 – 34.5 mm 
Horizontal 2:  34.5 – 43.3 mm 
Curve:  43.3 – 45.2 mm 
Vertical 1:  45.2 – 54.0 mm 
Vertical Taper:  54.0 – 62.3 mm 
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of the medium mesh was re-meshed with a higher resolution resulting in the fine mesh, which 
had sufficient agreement in both strain and displacement maps with respect to the ultra fine 
mesh. Similar results were noted upon comparison of the first 20 natural frequencies for each 
mesh (Figure 3-14). Computation times were also markedly reduced from that of the ultra 
fine mesh. As such, the subsequent analyses utilised the FE model constructed using the fine 
mesh. 
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Figure 3-12: Mesh dependence study – displacement map 
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Figure 3-13: Mesh dependence study – strain map (Von Mises) 
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Figure 3-14: Mesh dependence study – natural frequencies 
3.2.6 Application of load, and boundary conditions 
Throughout the surface displacement and strain mapping results, the T-joint was loaded in 
tension through the vertical stiffener at orientations from 0° to 90° in 15° increments, and the 
skin was clamped at both ends (Figure 3-15). Increasing the magnitude of the applied load 
increases the resulting surface displacement and strain of the structure, enabling a more 
measurable response. This is particularly important for proof testing in practice as the 
resolution of measurement equipment may limit the minimum measurable change, whereas 
within FEA it is possible to discern the smallest change in strain and displacement from 
undamaged to damaged specimens. Within the PhD thesis, all applied loads remain within the 
upper-region of the material allowable stresses (i.e. the limit load of the structure). As the FE 
T-joint is of unit depth, the loads applied were relatively small. The maximum allowable load 
was calculated as a function of the material allowables, specifically the allowable compressive 
stress as it is lower than the allowable tensile stress (refer Figure 3-2). The maximum 
allowable load on the structure was calculated as: 
AF
A
F
CC ×=∴= σσ maxmax  
where σC is the compressive stress, Fmax is the allowable maximum load (force), and A is the 
cross-sectional area of the T-joint. 
Damage was introduced to the central resin fillet region, as well as the bond-line between the 
stiffener and skin at the tapered ends, as indicated in Figure 3-15. In order to elicit a 
measurable response in surface displacement and strain maps from undamaged to damaged T-
joints, the stress/strain surrounding the internal damage must be of sufficient magnitude to 
provide a measurable response at the surface. To these ends, a bench was modelled beneath 
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the T-joint. During the application of load angles 15° to 90°, the bench causes an increase in 
local strain at the centre of the joint and taper ends by arresting the movement bottom of the 
joint in the direction indicated in Figure 3-15. Gap elements were used to model the bench 
Figure 3-16. This technique also provides more measurable surface displacement and strain 
values in practice. 
Clamp, fixed
(SPC 123456)
Clamp, fixed
(SPC 123456)
Bench, fixed
(SPC 123456)
Bench, fixed
(SPC 123456)
Damage
regions
Load0°
90°
Bench
T-Joint free to move 
away from bench
T-Joint cannot 
penetrate bench  
Figure 3-15: FE T-joint boundary conditions, load, and damage regions 
Load
Gap elements
in effect
Gap elements not in effect
Increased stress / strain 
concentrations as a result 
of inclusion of bench
 
 
Figure 3-16: Effect of bench on stress /strain concentration under off-axis loading (gap element 
displacement contours) 
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Gap elements are 2-node bar elements used to define contact between adjacent or coincident 
nodes. Their application required a non-linear analysis solution as the change associated with 
the contact (or stiffness) is non-linear. Difficulties were encountered when the model 
contained a high number of gap elements, and a phenomenon known as ‘chattering’ was 
observed to occur: one iteration calculates a closed gap and consequently applies very high 
stiffness to the gap element, however the next iteration calculates the same element to be an 
open gap and applies a very low stiffness. These alternating stiffness values often arrested 
convergence of the solution. Chattering was avoided by decreasing the number of gap 
elements, changing the closed stiffness and initial opening, increasing the maximum number 
of bisections, increments and iterations, changing the load step, decreasing the number of 
iterations before global stiffness matrix update, increasing Nastran buffsize, and using 
adaptive gap elements. 
The progression of strain in the T-joint under each load orientation is presented in Figure 3-17 
to Figure 3-19, where it can be seen that the off-axis 45° loading in combination with gap 
elements causes maximum surface strain around the damage regions. This also highlights the 
significant change in internal strain, which does not always translate to a significant change in 
surface strain. 
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0 degrees 15 degrees 
  
 
30 degrees 45 degrees 
  
 
60 degrees 75 degrees 
  
Figure 3-17: Undamaged joint strain maps (Von Mises), central T-joint, load orientations 0° through 75°
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Figure 3-18: Undamaged joint strain maps (Von Mises), central T-joint, load orientation 90° 
0°   15°   30°   45°   60°   75°   90°    
Figure 3-19: Undamaged joint strain maps (Von Mises), upper T-joint, load orientations 0° through 90° 
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3.2.7 FE modelling assumptions 
A number of assumptions were considered when employing FE analysis: the normal stresses 
and strains are uniform and constant in the cross-section, the model is not initially strained, 
applied loads are through the plane of symmetry, out-of-plane deformation is avoided, and the 
cross-section retains its original shape post-loading. Each lamina is assumed orthotropic and 
homogeneous, displacements are continuous and small throughout the laminate thickness, 
each lamina is elastic and perfectly bonded for which the bonds are infinitesimal and non-
shear deformable thus each lamina is in a state of plane stress, and no slip occurs between 
lamina interfaces [207]. 
3.2.8 Damage parametric study 
As a result of the literature review of Chapter 2, it was revealed that porosity, voids and 
debonding within the skin/stiffener bond-line, as well as within the central fillet region are 
common manufacturing defects in T-joints. A number of defects types were investigated 
throughout this Chapter including voids (modelled as deleted elements), porosity (modelled as 
a reduction in stiffness, Table 3-5), and delamination (modelled using coincident nodes and 
gap elements – allows separation, but not penetration of adjacent surfaces). The relationship 
between the stiffness reduction of a material and the porosity content is not linear and 
different for different directions (i.e. E11, E22, E33), however for the purpose of the parametric 
study the porosity content values were defined as an arbitrary reduction in material stiffness 
as indicated. A description of the damage cases are as follows (see also Figure 3-20 to Figure 
3-24): 
Voids 
1. “Fillet void, small”: Small void in centre fillet region. 
2. “Fillet void, large”: Large void in centre fillet region. 
3. “Taper void, small”: Small void in skin/stiffener bond-line, at horizontal stiffener taper. 
4.  “Taper void, large”: Large void in skin/stiffener bond-line, at horizontal stiffener taper. 
Delamination 
5. “Fillet delamination, small”: Small delamination in centre fillet region. 
6. “Fillet delamination, large”: Large delamination in centre fillet region. 
7. “Taper delamination, small”: Small delamination in skin/stiffener bond-line, at horizontal 
stiffener taper. 
8. “Taper delamination, large”: Large delamination in skin/stiffener bond-line, at horizontal 
stiffener taper. 
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Porosity 
9. “1% Porosity”: Stiffness reduction of 1% in central fillet region. 
10. “5% Porosity”: Stiffness reduction of 5% in central fillet region. 
11.  “10% Porosity”: Stiffness reduction of 10% in central fillet region. 
12. “25% Porosity”: Stiffness reduction of 25% in central fillet region. 
13. “50% Porosity”: Stiffness reduction of 50% in central fillet region. 
 
Table 3-5: Material properties used to approximate ‘porosity content’ 
Parameter 
Undamaged 
0° ply 
1% 
Porosity  
5% 
Porosity 
10% 
Porosity 
25% 
Porosity 
50% 
Porosity 
E11 (MPa) 156,500 154,935 148,675 140,850 117,375 78,250 
E22 (MPa) 
E33 (MPa) 
15,650 15,493 14,868 14,085 11,738 7,825 
υ12 0.324 0.324 0.324 0.324 0.324 0.324 
υ23 0.35 0.35 0.35 0.35 0.35 0.35 
υ31 0.0324 0.0324 0.0324 0.0324 0.0324 0.0324 
G12 (MPa) 
G31 (MPa) 
5,190 5,138 4,931 4,671 3,893 2,595 
G23 (MPa) 1,530 1,515 1,454 1,377 1,148 765 
Density 
(g/cm3) 
1.77 1.75 1.68 1.59 1.33 0.89 
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Figure 3-20: Damage at central fillet region of T-joint, (above) small void, (below) large void 
 
 
 
Figure 3-21: Damage at skin/stiffener taper bond-line, (above) small void, (below) large void 
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Figure 3-22: Region of lowered stiffness to mimic the effects of porosity 
 
 
Figure 3-23: Damage at central fillet region of T-joint, (left) small delamination, (right) large 
delamination 
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Figure 3-24: Damage at skin/stiffener taper bond-line, (above) small delamination, (below) large 
delamination 
 
3.3 T-JOINT: RESIN FILLET REGION & BOND-LINE  
(LOW MODULUS) 
3.3.1 Introduction 
Composite T-joints are composed in one of two methods: the skin and stiffener components 
are joined using secondary bonding with an adhesive resin; or the skin and stiffener 
components are co-cured using unidirectional 0° plies as an interface material. The results for 
the former design are presented in this section. The T-joint geometry and damage types are 
explained in detail in Section 3.2. 
3.3.2 Changes in surface displacement 
A number of points across the T-joint were monitored for changes in displacement under load 
from undamaged to damaged models for the purpose of detecting damages during proof 
loading (as indicated in Figure 3-25). Some of the damages cases of Section 3.2.8 were 
applied to this T-joint model, where the voids and porosity were introduced into the adhesive 
resin, and the delamination is between the adhesive resin/stiffener bond-line. The load 
magnitude for the 2D unit-depth FE T-joint was held constant at 20 N, and the load was 
oriented from 0° to 90° in 15° increments (Figure 3-15). 
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Point 1 Point 2
Point 3
Point 4
Point 9Point 8
Point 7
Point 6
Point 5
 
Figure 3-25: Measurement points along the T-joint, monitored for changes in displacement 
(undamaged to damaged specimens) 
The changes in displacement magnitude from undamaged to damaged T-joints for all points 
and load angles were very similar. The most significant changes were noted in Points 1 and 3 
under a 45° loading. Figure 3-26 presents the displacement magnitude for the undamaged and 
damaged cases, and Table 3-6 presents the relative percentage increase in displacement 
magnitude. It should be noted that the displacement magnitude values are small due to the 
scale of the T-joint model. 
 
 
Figure 3-26: Displacement magnitude measured at Point 1 and Point 3 for each damage case, under 
45º loading 
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Table 3-6: Relative change in displacement magnitude for Point 1 and Point 3 under 45° loading 
Damage case 
Point 1, 45 deg loading 
(% increase in displacement)
Point 3, 45 deg loading 
(% increase in displacement)
Fillet void, large 0.1 0.2 
Fillet void, small 0.0 0.0 
Taper void, large 0.6 0.5 
Taper void, small 0.1 0.1 
5% Porosity 0.1 0.1 
10% Porosity 0.1 0.3 
20 % Porosity 0.2 0.5 
The following observations were made based on this analysis: 
1. Changes in displacement magnitude for each of the measurement points (Figure 3-25) 
were not found to be significant unless the defect size is ‘large’, hence displacement 
monitoring is not useful for detecting small defects during structural proof testing. 
a. Despite the exaggerated scale of Figure 3-26, the relative percentage displacement 
increase results of Table 3-6 indicated that even the largest of damages considered 
induces a relative percentage increase in displacement of <1% over the undamaged 
case. Despite maximised displacement magnitudes as a result of appropriate load 
orientation, the relative changes in displacement were determined to be immeasurably 
small in practice, and therefore difficult to detect by proof testing. 
b. For those values that may be able to be measured, it is expected manufacturing process 
variation and experimental error could account for variation in measurement and 
hence hide flaws within the structure. 
2. It was confirmed that inducing regions of increased strain concentration, through 
application of load orientation (see Section 3.2.6), yielded more measurable displacement 
results. 
a. Local changes in stiffness were noted surrounding the damage regions for both voids 
and porosity, indicating that whatever dimensional surface monitoring technique is to 
be employed with proof testing, it should be capable of scanning a wide area and 
should not rely on just a few points. 
b. In some cases, the points monitored at the centre of the T-joint (Points 2, 3, 7, 8) 
provided equal or better indication of damage presence at the stiffener taper end than 
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Points 1 and 9. This indicates that although monitoring of the local areas away from 
the centre of the T-joint will provide a more accurate detection of damage in the 
immediate area, the centre of the joint is of paramount importance and damage far 
from the centre of the joint takes a notable effect on the dimensional response at the 
centre of the joint. 
3. It was observed that the displacement magnitude increased almost linearly with porosity 
content. 
It was observed that monitoring the displacement (directly proportional to stiffness) is not a 
reliable or robust method of detecting damage in a joint under structural proof testing, and can 
only reliably provide a global indication of damage presence. As such, surface displacement 
monitoring was not pursued further, and the focus was directed towards surface strain 
monitoring. However a number of useful observations have been made regarding load 
application, local stiffness and appropriate measurement points. 
3.3.3 Changes in surface strain 
Another means of detecting local damage by monitoring changes in the dimensional response 
of the structure during proof testing is that of surface strain monitoring. It was determined 
from the displacement monitoring of Section 3.3.2 that monitoring of the region closest to the 
centre of the stiffener provided the most reliable means of detecting damage within the central 
fillet region. As such, voids and porosity were introduced to the central fillet region (refer 
3.2.8) and the surface strain was monitored from undamaged to damaged models along the 
‘curve’ region of the L-stiffener, as indicated in Figure 3-27. The results for an undamaged 
model under varying load orientations (refer 3.2.6) are presented in Figure 3-28, and the 
results for the voids and porosity are presented in Figure 3-29. 
‘curve’ path length
 
Figure 3-27: Strain map path length 
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Figure 3-28: Curve path strain map, no defects, 0º load orientation 
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Figure 3-29: Curve path strain map, 75º load orientation 
The optimum strain map, 75° load orientation (Figure 3-29), could not differentiate between 
and undamaged T-joint and a damaged T-joint. Note that the small strain values are a function 
of the scale of the T-joint model. The missed detection was attributed to low modulus flaws 
within a low modulus adhesive resin, and as such the change in internal strain is not sufficient 
to indicate a change on the curved section on surface of the T-joint. 
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3.3.4 Discussion: adhesively bonded T-joints 
In the case of a T-joint with adhesively bonded components, detecting damages within the 
joint cannot be reliably achieved using surface displacement and surface strain monitoring 
techniques. Although changes in local stiffness were noted for a number of defects, the 
indicated severity of the damages was minimal. In part this is due to the low modulus flaws 
within a low modulus resin. In some cases displacement monitoring provided a global 
indication of damage presence, although detection of damage presence was limited. Similar 
conclusions were made for surface strain monitoring. Furthermore, as a damage monitoring 
PT technique for similar structures, it is assumed that process variation during manufacture 
and experimental error can account for small variations in structure stiffness, which would 
otherwise be indicative of the presence of small damages. Section 3.4 investigates the same 
flaws in a T-joint, where the adhesive resin layer is replaced with 0° plies. 
 
3.4 T-JOINT: 0° FIBRE FILLET REGION & BOND-LINE 
(HIGH MODULUS) 
3.4.1 Introduction 
The second type of T-joint was investigated here, where the adhesive resin regions were 
changed to 0° plies. This results in a central fillet region and skin/stiffener bond-line of much 
higher modulus. It is surmised that damage detection in this type of T-joint would be possible 
due to the large difference in internal modulus. The same model conditions described in 
Section 3.2 were applied. The feasibility of surface strain monitoring was first investigated, 
followed by a brief modal analysis. 
3.4.2 Surface strain monitoring 
As described in Section 3.2.6, a number of load orientations from 0° to 90° were applied to 
the top of the T-joint, and the surface strain maps along the path length indicated in Figure 
3-11 were monitored for change for undamaged to damaged specimens. It was found that the 
load orientation amplified the strain map (Figure 3-30). 
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Figure 3-30: Undamaged T-joint under 0° – 90° loading, strain map 
The undamaged surface strain maps were plotted against all void, porosity, and delamination 
damage cases (refer Section 3.2.8) for each load orientation. Local change within the strain 
maps at the damage regions was observed. The 75° load orientation induced the largest strain 
magnitudes, and is presented in Figure 3-31. Each path length region is marked as follows 
(refer to Figure 3-11): Horizontal 1 (H1), Horizontal Taper (HT), Horizontal 2 (H2), Curve 
(C), Vertical 1 (V1), Vertical Taper (VT), Vertical 2 (V2). 
H1 HT H2 C V1 VT V2
 
Figure 3-31: Undamaged and all damage cases, 75° load orientation, strain map 
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The minor deviations within the Horizontal Taper (HT) section and Curve (C) section are 
presented in detail in Figure 3-32 and Figure 3-33, as these two sections represent the damage 
regions at the stiffener taper region and central fillet region respectively. 
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Figure 3-32: Deviations in strain map from undamaged to damaged models, Horizontal Taper 
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Figure 3-33: Deviations in strain map from undamaged to damaged models, Curve 
Within the Horizontal Taper (HT) region (Figure 3-32) the ‘Taper void, small’ and ‘Taper 
void, large’ damages were detected and localised. Similarly the magnitude of change in strain 
from the undamaged case is an indication of the severity of the damage. Despite the small 
strain values, the relative increase in strain from the undamaged state was 6% for the small 
void and 26% for the large void. As such it is possible that surface strain monitoring could be 
utilised to detect, locate and assess the severity of defects in high modulus composites during 
structural proof testing. 
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Similarly, within the Curve (C) region (Figure 3-33) a number of damages were identified – 
in order of increasing change in surface strain magnitude:  ‘25% Porosity’, ‘Centre void, 
large’, and ‘50% Porosity’. The Curve region of the surface strain maps found that small 
voids and low level porosity were not detectable in the centre fillet region of the T-joint, and 
only unrealistically large values of porosity could be detected. The largest damage considered 
within the central fillet region – ‘50% Porosity’ – yielded a maximum change in strain of 10% 
relative to the undamaged. 
Similar observations were made for the delamination surface strain maps in the same regions 
(Horizontal Taper, and Curve regions). The delamination damage at the centre of the stiffener 
was a significantly different damage type, and resulted in a relative strain deviation from the 
undamaged strain map of 5% and 22% for the small and large delaminations respectively, 
which was significantly more detectable than the void and porosity cases. The best-case 
detection surface strain mapping results are summarised in Table 3-7 for each damage type. 
 Chapter 3 – Stiffness-based damage detection 
  121
 
Table 3-7: Detectability of damage in a T-joint using strain mapping during proof testing 
Damage case 
Relative % change in local 
strain map from undamaged 
to damaged case 
Centre void, small - 
Centre void, large 9 
Taper void, small 6 
Taper void, large 26 
Centre delamination, small 5 
Centre delamination, large 22 
Taper delamination, small 1 
Taper delamination, large 9 
1% Porosity - 
5% Porosity - 
25% Porosity 3 
50% Porosity 10 
Despite the small strain magnitude in this model, the relative percentage change in surface 
strain map from undamaged to damaged T-joint models clearly indicates that detection of 
some damage types is possible using this method during proof testing. These results would 
also apply to similar structures. The difference in detectability between small and large 
damage sizes indicates that surface strain monitoring is also a function on the depth of the 
damage relative to the surface, i.e. a small defect near the surface would yield a similar result 
to a large defect buried deeper in the structure. This is evidenced by the detection of a small 
void close to the stiffener surface at the taper end, and missed detection of a small void buried 
deep within the central fillet region. 
In practice, it would be difficult to detect any porosity but for the most extreme porosity 
contents using this technique, and small voids and delamination at the centre of the joint also 
remain difficult to reliably detect. Strain monitoring can be used as a stiffness-based damage 
monitoring technique during structural proof testing, however it was found to be limited to 
large damage and surface damage detection. 
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3.4.3 Modal analysis 
In addition to surface strain monitoring, changes in modal frequencies were monitored from 
undamaged to damaged T-joints. For each damage case a basic modal analysis was conducted 
(MD.Nastran SOL 103 Normal Modes analysis) and the first 20 natural frequencies extracted 
(Figure 3-34). In terms of the maximum deviation in natural frequency from undamaged to 
damaged models (positive is an increase in frequency, negative a decrease): 
• Voids: +0% / -1.3% 
• Porosity: +0.3% / -2.0% 
• Delaminations: +0% / -0.6% 
Both the small and large voids at the skin/stiffener bond-line and the small void at the centre 
fillet region were found to be undetectable by monitoring changes modal frequency. Although 
the large void at the centre fillet region caused a relatively large change in modal frequency 
compared to the small void, the maximum deviation was noted at one of the higher modes. 
Accurately measuring modal frequencies at higher modes becomes difficult in practice due to: 
(1) increased experimental error, and (2) increased noise content. 
Changes in the natural frequency in the porosity cases became progressively larger for 
increasing porosity content. 1% and 5% porosity yielded immeasurably small changes, 25% 
porosity noted the greatest changes in frequency in the higher modes, and 50% porosity noted 
significant changes in frequency in most modes. The maximum change in natural frequency 
measured was 2%, and was found only for the unrealistically high levels of porosity. 
The delaminations modelled in this T-joint have little effect on the natural frequency, and it 
was only the largest delamination in the central fillet region that caused a decrease in the 15th 
natural frequency of 0.6% (around 3.5 kHz). 
These observations suggest that monitoring natural frequency alone in structural proof testing 
is insufficient to detect damage presence, let alone location. It was noted however that the 15th 
mode around 3.5 kHz generally induced the greatest change in modal frequency for all 
damage cases relative to the undamaged state, suggesting the T-joint model is most sensitive 
to changes in modal vibration at this frequency; in any future proof testing scenarios using 
modal analysis, observation of multiple modes could be replaced by observing the modal 
frequencies most sensitive to damage. 
In general, it could be said that changes in modal frequency of less than 2% would be 
expected to be masked by manufacturing variation in nominally identical structures, and error 
within the practical vibration measurements (e.g. noise, particularly at higher frequencies). 
The results of this section are applicable to any structure of a similar construction (high 
modulus bonds between components), and as such modal frequency is useful only for 
detection of large damages.  
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Figure 3-34: First 20 modal frequencies extracted for void and delamination damage cases
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3.5 CONCLUSION 
This chapter explored the possibility of using finite element T-joint models to determine to 
what damages can be detected during proof testing using stiffness-based damage detection 
techniques. Surface displacement monitoring, surface strain monitoring and modal frequency 
were used as indicators to detect the presence of voids, porosity, and delamination in regions 
with a T-stiffened panel susceptible to manufacturing defects. This was performed for two 
types of T-joints: T-joint components bonded together using a low-modulus adhesive resin, 
and T-joint components bonded together using a high-modulus 0° ply to fill the gaps. This 
allowed the results of the analysis to be applicable for multiple structure types. 
Displacement monitoring was found to be insensitive to all damage types, however strain 
monitoring was found to be sensitive to local damage, specifically near-surface damages and 
large damages. Strain monitoring was most successful in the high-modulus T-joint model (0° 
fibre fillet region), however was found to be limited with respect to small damages buried 
deep within the structure. It was concluded that monitoring modal frequency alone was 
insufficient to reliably detect damage during structural proof testing, and at best the technique 
was limited to global indications of damage presence. 
It was determined that appropriate selection of load magnitude, load orientation and boundary 
conditions can aid in increasing local strain about a given defect, and thus increasing the 
measurable strain in practice. This indicates that within a proof testing scenario, the structure 
would need to be stressed under multiple load types in order to accurately and reliably map 
the entire structure for changes in stiffness due to damage. The stiffness-based monitoring 
techniques do however require an undamaged base-line structure for comparison. In practice, 
conventional NDI or a reliably accurate FE model could be used to provide the undamaged 
base-line. 
There is currently no published literature that discusses and considers in detail proof testing as 
a form of non-destructive testing in aircraft composite structures. Furthermore, although many 
papers consider the detectability of large damages using stiffness-based monitoring, few to no 
publications consider the detectability of small damages and passive damages in complex 
joints using stiffness-based techniques. 
This chapter has explored what damage types can be detected using stiffness-based 
monitoring techniques and has also established the FE T-joint model. Chapter 4 extends this 
analysis by exploring in detail the effects of different load cases on a number of similar 
damage types in an experimentally validate finite element T-joint. Chapter 4 also extends the 
analysis to include an investigation of the minimum detectable damage within a composite T-
joint using surface strain monitoring techniques during structural proof testing. Displacement 
and modal frequency analysis have been shown to be unreliable in detecting defects and are 
not pursued further. 
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4.1 INTRODUCTION 
Following the feasibility study of Chapter 3, the work in Chapter 4 further investigated the 
suitability of surface strain monitoring to detect a number of damage types throughout an 
experimentally validated T-joint FE model, including an assessment of the minimum 
detectable damage. A T-stiffened panel was manufactured and the structure compliance used 
as a measure to validate an FE T-joint model. The numerical model was then applied to a 
number of parametric studies to determine the optimum loading conditions required to detect 
small and passive damages in difficult to inspect regions during proof testing, as well as 
determine the minimum detectable damage at the centre fillet region of the T-joint and along 
the skin/stiffener bond-line. Investigation of small and passive damages in joints has not yet 
been well documented, as most published literature regarding small damage at the centre of 
joints is focussed on improving manufacturing techniques rather than determining the 
minimum detectable damage. 
4.2 EXPERIMENTAL ANALYSIS: T-STIFFENED PANEL 
4.2.1 T-stiffened panel construction 
The high-stiffness FE model geometry of Section 3.4 was revised slightly by removing the 
vertical stiffener and skin/stiffener resin bond-line. The new T-joint geometry is more 
representative of structures found in aircraft. The central fillet region (as a result of the joint 
between the skin and stiffeners), is also significantly smaller and filled with a unidirectional 
noodle. 
Composite T-joints were manufactured using VTM264 unidirectional (UD) carbon fibre (CF), 
for which the material properties can be found in [208]. The CF prepreg layup was of 
[90/0/90/0/90]s construction, totalling ten plies of nominal cured thickness of 0.2 mm per ply.  
Aluminium moulds of 2 mm thickness were used to give shape to the T-joint and provide a 
means of laying up the geometry. Five pieces were required: one base plate, two right angle 
pieces used to form the stem of the ‘T’, and two smaller pieces used to define the taper (45°) 
and fill the resulting gap along the panel due to the stiffener thickness (Figure 4-1). 
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Figure 4-1: T-joint mould pieces (left) disassembled showing interior surfaces, (right) assembled 
showing exterior surfaces 
The mould was first coated three times with Loctite® Frekote® release agent in order to allow 
the composite to be removed from the mould surface following cure. Ten plies were applied 
to the baseplate and the angle pieces resulting in a total thickness of 2 mm each. Before the T-
stiffener was attached to the baseplate, three ‘noodles’ of rolled 0° UD prepreg (5 cm in 
width) were placed in the gap that is naturally formed from the joint geometry (Figure 4-2 and 
Figure 4-3). 
 
Figure 4-2: Unidirectional prepreg rolled into a tube to fill the gap in the centre of the ‘T’ 
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Figure 4-3: Three unidirectional noodles in the centre of the ‘T’ 
Each individual part of the layup as well as the assembled T-joint was debulked prior to 
curing using release film, airweave and a vacuum bag (Figure 4-4). The stiffened panel was 
then cured in an autoclave at 120°C and 90 psi for 1 hour (Figure 4-5). Following cure the 
panel was cut into five equal lengths. Although the part resulted in smooth/flat surfaces on the 
under side, it can be seen in Figure 4-6 that the three noodles made a small impression on the 
baseplate layup. This suggests less material can be used in this region, however in this case as 
long as all specimens are constructed in the same manner, it does not affect the experimental 
results (it may however affect FE modelling, although this error is typical of the ‘process 
variation’ that occurs during manufacture). 
 
Figure 4-4: Debulking of assembled T-joint 
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Figure 4-5: Composite T-joint cure profile 
 
Figure 4-6: Cross-section view of the T-joint – effect of the noodles on the panel fibres 
One undamaged specimen and two damaged specimens (delamination and porosity) were 
manufactured in this fashion. The delamination and porosity defects regions were created in 
the same area: in one flange of the T-joint between the stiffener and the panel, half of the 
distance from the edge of T-stiffener taper to the centre of the joint (26 mm width). The 
delamination was artificially introduced by inserting a piece of release film to stop the 
stiffener from bonding to the panel, and the porosity was introduced by means of phenolic 
microballoons (Figure 4-7 and Figure 4-8). 
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Figure 4-7: Artificial damage: delamination introduced using release film 
 
Figure 4-8: Artificial damage: porosity introduced using microballoons 
4.2.2 T-joint compliance testing 
In order to further the research of stiffness-based damage detection methods of Chapter 3 
(displacement monitoring, strain monitoring, and modal frequency), an experimentally 
validated FE T-joint model was employed to determine the optimum conditions to detect 
small and passive damages, as well as determine the minimum detectable damage. In order to 
achieve this, the experimental T-joint compliance was compared directly to the numerical T-
joint compliance. The sensitivity of the T-joint compliance to damage presence was also 
assessed. 
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4.2.2.1 Experimental setup 
As a material property, compliance is the inverse of stiffness and thus typically has the units 
of ‘distance per force’, in this case mm/N. In the experiment the test specimen was clamped at 
its base and loaded with an elastic tensile (pull-off) force at the top of the ‘T’. A loading rate 
of 0.5 mm/minute was applied during which time the vertical extension (displacement) of the 
joint under load was recorded (crosshead displacement). The joint compliance was thus 
calculated as the gradient of the load versus extension curve. The compliance of the T-joint 
was calculated for each of the three test cases (undamaged, porosity and delamination) under 
various tensile load orientations, and was subsequently compared directly to FEA results. All 
testing was performed using an Instron 5569, 50 kN Testing Machine. Figure 4-9 displays the 
tensile test setup for the 0° loading case (vertical/symmetrical pull-off load), where the T-joint 
is clamped at its base on both sides, and the load is applied via a vice at the top of the T. 
 
Figure 4-9: Tension/compression experimental setup, 0° loading 
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The tensile test rig for the joint was designed to be set rigidly at 15° increments from 0° to 
90°. All tests performed were tensile loads, however the description and analysis that follows 
is divided into two loading regimes with respect to the load imposed on the damage region 
itself: ‘compression’ defines the 15°–90° loading where the setup imposed a compression load 
on the damage region due to the presence of the test rig base plate. Conversely, ‘tension’ 
defines the 15°–90° loading that imposed a tension load on the damage region (see Figure 
4-10). The 0° loading always imposed a tension load. An example of the test rig set to 30°, 
and an example of a tension load opening a delamination at 45° is presented in Figure 4-11. 
15° to 90°
Load
‘Tension’ load on damage region
15° to 90°
Load
‘Compression’ load on damage region
damage
damage
 
Figure 4-10: Compression and tension loading of damage region 
  
Figure 4-11: (left) test rig at 30° incline, (right) delamination opening under 45° tensile load 
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4.2.2.2 Compliance results 
Each load angle (0°, and compression/tension for each of 15°, 30°, 45°, 60°, 75°, 90°) was 
repeated three times per specimen (undamaged, porosity and delamination) in an attempt to 
average out the experimental scatter. An example of this is presented in Figure 4-12, which 
shows the averaged data for the 0° case; the experimental scatter was found to be 
approximately ± 9% of the resulting linear gradients (indicated by the shaded areas in the 
graph). It was consistently clear that a slight increase in compliance was noted for the porosity 
specimens, and a more dramatic increase in compliance was noted for delamination. This is 
discussed in further detail in Section 4.3.2.2 alongside the numerical results. 
 
Figure 4-12: T-joint elastic tensile testing, 0 degrees loading 
The experimental results were compared to a Unit depth FEA model in the following section, 
and as such it was necessary to multiply the compliance by the depth of the test specimen 
(73.8 mm); hereafter referred to as ‘normalised compliance’. Figure 4-13 shows the 
normalised compliance for all test cases including their respective errors (shown as error 
bars). Note that 0° delamination compression and delamination tension share the same data 
point, as do 0° porosity compression and porosity tension. Within experiment the applied load 
angles were measured to be within 1° of the indicated 15° load increments.  
In terms of damage detection, the results presented in Figure 4-13 indicated porosity cannot 
be detected by monitoring compliance as it was within the experimental error of the 
undamaged specimen results. The delamination in tension however has a significant increase 
in compliance across all load angles, as does the delamination in compression for load angles 
0° and 90°. Minor difference in compliance for the porosity specimens at 60° and 75° were 
also noted. 
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Figure 4-13: Experimental normalised compliance 
4.3 FINITE ELEMENT MODELLING AND ANALYSIS 
4.3.1 FE T-joint model definition 
4.3.1.1 Introduction 
An FE T-joint model was constructed to mirror the experimental T-joint of Section 4.2.1. The 
compliance of the numerical T-joint in the presence of delamination and porosity was then 
calculated for the purpose of validating the numerical model. Subsequent to validation, the FE 
model was then used to extend the parametric analysis of Chapter 3 by modelling a number of 
different loads and boundary conditions in an attempt to optimise surface strain monitoring to 
detect small and passive damages. Following this, the minimum detectable damage at the 
centre fillet region of the joint, and along the skin/stiffener bond-line was determined. This 
provided a lower bound to the usefulness of surface strain monitoring as a stiffness-based 
damage detection technique in joints under proof testing conditions. The outline of the 
numerical analysis is as follows: 
1. Construction of the FE T-joint. 
2. Experimentally validating the FE T-joint (compare joint compliance). 
3. Alternative loadings: maximising the detectability damage using surface strain 
monitoring. 
4. Minimum detectable damage in T-joints using surface strain monitoring. 
The construction method of the finite element model was closely based on that described in 
Section 3.2, in terms of the material coordinate systems, ply definitions, and finite elements. 
However the material properties and joint geometry differ to that of Chapter 3. The numerical 
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model applied the experimental T-joint carbon/epoxy material properties and geometry. A 
mesh dependence test was performed to assess the suitability of the mesh, and a material 
property dependence test was also performed to determine the effect of the material properties 
that were assumed due to lack of data. 
Two models are constructed in this section: a Unit depth model and a Full depth model. The 
Unit depth model is the cross-section of the experimental T-joint, modelled using solid 
elements with a depth of 1 mm. The Full depth model is the extruded version of the Unit 
depth model such that the depth of the T-joint is 73.8 mm – the same as the experimental T-
joint. 
4.3.1.2 Material properties 
The material used to construct the experimental T-joint was a pre-impregnated (prepreg) 
unidirectional carbon fibre (Advanced Composites Group, VTM264). The density of the resin 
is 1.19 g/cm3, and the density of the resin with UD carbon fibres is 300 g/m2 – assuming a 
thickness of 0.2 mm for a single ply (ten layers are ~2 mm thick), the density was calculated 
as 1.50 g/cm3. The data sheet for VTM264 [208] indicates less than 2% voids for vacuum 
only moulded panels. VTM 264 material properties are presented in Table 4-1:  
Table 4-1: VTM264 unidirectional carbon fibre material properties [208] 
Parameter Value Unit 
E11* 118,000 MPa 
E22 = E33 18,000 MPa 
G12 = G13* 4,070 MPa 
G23 = G32 2,713 MPa 
G21 = G31 4,070 MPa 
υ12 = υ13* 0.32 - 
υ23 = υ32 0.40 - 
υ21 = υ31 0.032 - 
ρ 1.50 g/cm3 
Vf 0.54 - 
dnominal 0.2 mm 
 *Parameters are defined explicitly in material property data sheet 
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4.3.1.3 Construction of the T-joint 
The FE T-joint was used as a means of performing parametric analysis that would otherwise 
take significant time and cost to perform in practice. The average dimensions of the 
experimental T-joints are presented in Figure 4-14, which provided the input for the FE 
model. The ply layup of [90/0/90/0/90]s remains the same and was defined by the same 
coordinate systems as the model in Section 3.2.3. The mesh was constructed of 3D hexahedral 
elements. The front and rear faces of the T-joint models were fixed such that the joint was 
restrained to movement in a 2D plane only. A notable change in the T-joint geometry to the 
models of Chapter 3 is that there is no individual central vertical stiffener, and the resin 
skin/stiffener bond-line is removed. Instead the two L-stiffeners are co-cured back-to-back, 
and the stiffener is co-cured directly to the skin since a prepreg material is used and does not 
require additional adhesive resin. The central fillet region remaining is replaced with a 0° 
noodle. In this way, the experimental test pieces are modelled precisely. 
73.8
73.8
2.0 4.0
4.0
72.0
102.7 49.2
201.1
All dimensions in mm
98.7
R=545°
 
Figure 4-14: Experimental T-joint FEA model dimensions 
4.3.1.4 Mesh dependence study 
Similar to Section 3.2.8, a mesh dependence study was performed for the Unit depth T-joint 
model to select an accurate and time-efficient mesh. Three meshes were created: a coarse, 
medium and fine mesh (Figure 4-15 through Figure 4-17). Key parameters for each mesh are 
listed in Table 4-2. 
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Figure 4-15: Mesh in joint region, (left) coarse mesh, (right) medium mesh 
 
Figure 4-16: Mesh in joint region, fine mesh 
  
 
Figure 4-17: Mesh in horizontal stiffener taper region, (above, left) coarse mesh, (above, right) 
medium mesh, (below) fine mesh 
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Table 4-2: Total number of nodes, elements, DOFs and time to solve per model 
Mesh 
type 
No.  
nodes 
No.  
elements
Approx no.  
DOFs (linear) 
Approx no.  
DOFs (modal) 
Time to 
solve 
Coarse 16,491 10,320 ~38,066 ~38,416 <5 min 
Medium 72,411 45,498 ~167,085 ~215,010 <15 min 
Fine 465,230 361,068 ~1,387,680 ~1,392,610 <4 hours 
The medium and coarse meshes were solved in minutes whereas the fine mesh took many 
hours. The computer used throughout the PhD thesis used an Intel® Core™ 2 Duo CPU 
(E8400 @ 3.00 & 2.99 GHz), and 3.48 GB of RAM. It was found that all meshes yielded 
similar results, and the medium mesh provided better resolution than the coarse mesh and was 
significantly computationally less expensive than the fine mesh without a loss in resolution.  
The nodes along the upper surface of the T-joint were renumbered to provide a means of 
strain map extraction: beginning at the left end, along the top of the model (at a depth half 
way across the width), up and over the stiffener to finish at the far right side (Figure 4-18). 
The resulting strain map for each mesh is presented in Figure 4-19, and a zoomed view of the 
RHS curve section is presented in Figure 4-20, which highlights the relatively minor 
differences between each mesh. Similar observations were also made for the first five modal 
frequencies of each mesh (Table 4-3). It was decided that the medium mesh was the best 
compromise between model resolution and solving time.  
No. Description Length 
(mm) 
1 LHS horizontal 1 0 – 49 
2 LHS taper 49 – 53 
3 LHS horizontal 2 53 – 98 
4 LHS curve 98 – 105  
5 LHS vertical 105 – 168 
6 Top of T 168 – 172 
7 RHS vertical 172 – 253 
8 RHS curve 235 – 243 
9 RHS horizontal 1 243 – 288 
10 RHS taper 288 – 292 
11 RHS horizontal 2 292 – 341 
Figure 4-18: Upper surface of T-joint divided into 11 sections 
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9
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Figure 4-19: Mesh dependence – strain map 
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Figure 4-20: Mesh dependence – local strain map of Sections 7, 8 and 9 
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Table 4-3: Raw data from mesh independence test 
Mode no. 
Mode shape 
displacement 
Coarse mesh 
(Hz) 
Medium mesh 
(Hz) 
Fine mesh 
(Hz) 
1 
 
372 371 363 
2 
 
422 422 414 
3 
 
687 686 670 
4 
 
1,332 1,330 1,305 
5 
 
1,471 1,470 1,441 
4.3.1.5 Material property dependence study 
Not all material properties of the UD prepreg were explicitly stated (Table 4-1) and a number 
of assumptions were made. This section quantifies the effect of these assumptions on FEA 
results by varying the assumed parameters: 
• E22 was assumed 10% of E11, as it is matrix dominated. 
1. Test 5% of E11 (decrease value by a factor of 0.5). 
2. Test 15% of E11 (increase by a factor of 1.5). 
• E33 was assumed equal to E22. 
• G23 was assumed 66% of G12, as through thickness shear involves matrix only. 
3. Test 55% of G12 (decrease value by a factor of 0.825). 
4. Test 75% of G12 (increase by a factor of 1.125). 
• G13 was assumed equal to G12, as it also involves fibres. 
• υ23 was assumed to be 0.4, as it involves resin only and more strain is to be expected. 
5. Test 0.35 (decrease value by a factor of 0.875). 
6. Test 0.45 (increase by a factor of 1.125). 
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Linear static and modal analyses were performed for each of the six cases listed above, and 
the strain maps and natural frequencies were extracted (similar to that of the mesh dependence 
test of Section 4.3.1.4). 
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Figure 4-21: Material dependence – strain map 
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Figure 4-22: Material dependence – local strain map of Sections 7, 8 and 9 
It was found that changes to G23 and υ23 were negligible: G23 typically varied 0.1% with 
respect to the modal frequencies and υ23 varied between 0.5 – 0.9%. At maximum strain 
locations the changes to G23 and υ23 increased to 0.5 – 3.5 %. As such these parameters 
remained as indicated in Table 4-1. 
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E22 was very sensitive to change, with the greatest change noticeable when its value was 
decreased. The following changes compared to the ‘benchmark’ material properties were 
noted: 
• A decrease in E22 by 0.5 resulted in a 6 - 17% decrease in the first 10 natural modes. 
• An increase in E22 by 0.5 resulted in a 4 - 8% increase in the first 10 natural modes. 
• A decrease in E22 by 0.5 resulted in a 47-50% increase in maximum strain. 
• An increase in E22 by 0.5 resulted in a 40-51% decrease in maximum strain.  
In practice, variation between experimental and numerical results can be attributed to the ideal 
conditions within FEA and variation in nominally identical test specimens. It is not 
uncommon to adjust FEA boundary conditions and load application to match experimental 
results, as inaccurate modelling can result in significant disparity between numerical and 
experimental results [59, 209, 210]. The above analysis has determined that the FEA is 
sensitive to the value of E22. 
4.3.1.6 Damage parametric study 
Similar to the damage types described in Section 3.2.9, porosity, voids and delamination were 
introduced into the experimentally validated FE T-joint model (Figure 4-23). Porosity was 
modelled as an arbitrary 20% reduction in element modulus (Table 4-4), voids were modelled 
as deleted elements, and delamination was modelled using coincident nodes and gap 
elements. The boundary conditions and upper and lower surface strain map path lengths of the 
Unit depth model are indicated in Figure 4-23 and Figure 4-24. The various loads applied to 
the T-joint are introduced in each section alongside the results. 
gap elementsFixed in all 
DOFs
Fixed in all 
DOFs
Upper surface strain mapDamage region:
skin/stiffener bond-line
porosity & delamination
Damage region: 
central fillet area,
porosity & voids
Lower surface strain map  
Figure 4-23: Boundary conditions, damage types and region, and surface strain maps of the FE T-joint 
model 
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Figure 4-24: Path length of the upper and lower surface strain maps 
 
Table 4-4: FM300-K resin mechanical properties [57, 206] 
Parameter Resin, 0% porosity Resin, 20% porosity 
E 2,515 MPa 2012 MPa 
υ 0.36 0.36 
G* 925 MPa 740 MPa 
 *Calculated from: )1(2 υ+= EG  
 
The centre fillet region was selected as a damage zone in the parametric studies since it is 
common for porosity to occur in this region, and it is also a difficult region to inspect using 
non-destructive methods such as ultrasonics, thermography or radiography. The gradual 
introduction of porosity and voids to the 0° noodle fillet region from realistic to extreme 
levels is presented in Figure 4-25 (the noodle is coloured green). 
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Figure 4-25: Centre fillet region, introducing progressively larger damage 
In order to model porosity and delamination in the skin/stiffener bond-line, an additional resin 
layer of the same thickness as the plies was introduced into the T-joint model between the 
skin and the stiffener (Figure 4-26); this mimics a stiffener that is secondary bonded to a skin. 
Porosity was introduced into the additional resin layer directly, and the delaminations were 
introduced along the stiffener/resin bond-line. This type of manufacturing damage is often 
referred to as a debond, however for the purpose of consistency it is referred to as a 
delamination throughout the PhD project. Four levels of porosity and delamination damage 
were introduced to the skin/stiffener bond-line from the smallest length of 5 mm to a 
maximum length of 70 mm (Figure 4-27). 
Resin layer added between 
panel and stiffener
 
Figure 4-26: Resin layer added to FE model to enable introduction of porosity and delamination along 
skin/stiffener bond-line 
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Figure 4-27: Damage regions along bond-line (porosity and delamination) 
 
4.3.2 Model validation: modelling experimental T-joint compliance 
4.3.2.1 Finite element T-joint model modification 
The result of the experimental T-joint compliance testing of Section 4.2.2 was used to validate 
both the Full and Unit depth FE models. Due to the large number of different load cases, and 
since each Full depth model took significantly longer to solve than the Unit depth model 
(more than 8 hours compared to 30 minutes), only three Full depth models were constructed. 
Comparison of Unit to Full depth models then indicated the Unit depth models were 
sufficiently accurate to be used for all subsequent analyses.  
In order to closely approximate the boundary conditions of experiment (Section 4.2.2) the 
skin was clamped in all DOFs, the ‘base plate’ modelled using gap elements, and the loading 
vice was modelled as an additional layer of high modulus elements (see Figure 4-28). The 
load itself is applied via a rigid body element (RBE1) to the top of the entire vice section. 
Detailed descriptions of the FE modelling setup is presented in Figure 4-28 and Figure 4-29. 
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Figure 4-28: Full depth FE model used to calculate compliance 
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Figure 4-29: Unit depth FE model used to calculate compliance 
The delamination and porosity damage regions of experiment were modelled in the FE T-joint 
using the techniques described in Section 4.3.1.6. A check was performed to ensure the model 
behaved as expected. Figure 4-30 and Figure 4-31 present the delamination specimen under 
60° tension loading: the additional layer of elements used to represent the test rig vice were 
working effectively in transferring stress evenly to the test specimen along the length of the 
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vertical stiffener, and the gap elements were working to arrest movement of the specimen in 
the x-y plane along the base. Similarly, the stress and strain concentrations appeared where 
expected. 
 
Gap elements in effect, 
arresting movement of 
base of T-joint in 
negative z-direction
Gap elements: 
displacement allowed
Gap elements: 
displacement 
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Undeformed structureStrain mapped on 
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Delamination opening
 
Figure 4-30: Strain contours (von Mises) of T-joint on deformed structure under 60° tension load, 
showing delamination and gap elements 
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vice region, and no bending 
displacement of vice
Stress concentration at 
beginning of delamination
Gap elements in effect, 
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base of T-joint in 
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Figure 4-31: Stress contours (von Mises) of T-joint on deformed structure under 60° tension load, 
showing delamination stress concentration and vice 
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4.3.2.2 FEA and experimental compliance results 
The numerical compliance results in this section were validated against the experimental 
results. All experimental and Full depth compliance results were normalised by the depth of 
the specimen such that they can be compared directly to the results of the Unit depth model. 
The normalised compliance data for all test cases, loading cases and both experiment and 
FEA are presented in Table 4-5. The standard deviations for the experimental results are 
presented in Table 4-6; three specimens were manufactured for each data set (undamaged, 
porosity compression, porosity tension, delamination compression, and delamination tension). 
Table 4-5: Normalised compliance results – experiment and FEA 
  Undamaged Porosity Delamination 
 Angle 
(degrees) 
FEA: 
Full 
FEA: 
Unit 
Experiment FEA: 
Unit 
Experiment FEA: 
Unit 
Experiment
 0 0.15 0.15 0.13 0.15 0.17 0.21 0.29 
15 0.19 0.19 0.18 0.19 0.20 0.22 0.24 
30 0.30 0.30 0.28 0.30 0.25 0.30 0.31 
45 0.45 0.39 0.45 0.37 0.45 0.38 
60 0.60 0.51 0.60 0.50 0.61 0.54 
75 0.70 0.94 0.70 0.86 0.71 0.93 
C
om
pr
es
si
on
 
90 0.73 1.32 0.53 1.32 0.73 0.63 
15 0.19 0.18 0.15 0.19 0.23 0.30 
30 0.30 0.28 0.30 0.29 0.44 0.43 
45 0.45 0.38 0.45 0.39 0.57 0.57 
60 0.60 0.51 0.60 0.45 0.73 0.83 
75 0.70 0.84 0.70 0.87 0.82 1.31 
Te
ns
io
n 
90 
N
ot
 M
od
el
le
d 
0.73 1.32 0.73 1.31 0.82 1.64 
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Table 4-6: Standard deviation of experimental specimens 
      Angle (degrees) 
Specimen 0 15 30 45 60 75 90 
Undamaged 0.01 0.01 0.02 0.01 0.04 0.02 0.06 
Porosity: compression 0.00 0.02 0.01 0.01 0.00 0.01 0.07 
Porosity: tension 0.01 0.01 0.02 0.02 0.04 0.03 0.05 
Delamination: compression 0.00 0.01 0.02 0.00 0.02 0.02 0.12 
Delamination: tension 0.03 0.02 0.04 0.04 0.06 0.10 0.04 
Comparison of the porosity, delamination and undamaged compliance results are presented in 
Figure 4-32 and Figure 4-33 respectively. Both figures show similar trends and indicate the 
FE numerical model to be highly accurate up to a loading angle of 60°. Beyond this loading 
angle the experimental and numerical curves diverge. The FEA consistently predicts no 
measurable change between undamaged and porosity specimens, as well as undamaged and 
delamination in tension. In order to better quantify the difference in results presented in these 
figures and Table 4-5, the relative percentage change in T-joint compliance with respect to 
experiment and undamaged case is presented in Table 4-7. 
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Figure 4-32: Experiment and FEA undamaged and porosity normalised compliance results 
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Figure 4-33: Experiment and FEA undamaged and delamination normalised compliance results 
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Table 4-7: Relative comparison of results (percentage increase or decrease) 
  
Compare/validate  
FEA to experiment 
Compare Experiment to experiment,  
and FEA to FEA 
U = undamaged, P = porosity, D = 
delamination 
  Positive percentage 
indicates an increased 
FEA prediction of 
compliance relative to 
experiment; negative, a 
decrease (%) 
Positive percentage 
indicates an increase 
in porosity 
compliance; 
negative a decrease 
(%) 
Positive values 
indicate an increase 
in delamination 
compliance; negative 
a decrease (%) 
 Angle 
(degrees) 
Experiment 
to Full 
Experiment 
to Unit 
FEA:
U to P 
Experiment:
U to P 
FEA: 
U to D 
Experiment:
U to D 
 0 10 13 0 -26 -38 -110 
15 3 5 0 -9 -13 -34 
30 7 8 0 9 -1 -10 
45 15 0 3 0 0 
60 15 0 1 -1 -5 
75 -35 0 9 -1 1 
C
om
pr
es
si
on
 
90 -83 0 0 -1 -23 
15 5 3 -4 -47 -67 
30 8 0 -5 -46 -54 
45 15 0 -1 -28 -50 
60 15 0 11 -21 -63 
75 -35 0 7 -17 -39 
Te
ns
io
n 
90 
N
ot
 M
od
el
le
d 
-83 0 1 -13 -24 
 
Table 4-7 made clear the increase in accuracy of the Full depth model over the Unit depth 
model of approximately 1 – 3 %, for which the close agreement validates the use of a Unit 
depth model in place of a Full depth model in subsequent analyses. 
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The “Experiment to Unit” column of Table 4-7 highlights the significant deviation between 
experimental numerical compliance results for 75° and 90° load cases (highlighted in orange). 
Excellent agreement is achieved for all other load angles. It has been reported that minor and 
even invisible (to the naked eye) changes in the boundary conditions when testing the 
compliance (or stiffness) of T-joints, such movement or rotation of the grips, can account for 
significant deviations in the results [59, 210]. Upon closer inspection of the raw experimental 
data curves for the 75° and 90° load angles, and comparing this data to the data recorded for 
lower load angles, evidence of slipping of the T-joint within the base-plate clamps and load 
machine vice grips were noted. An example of the ‘worst-case’ slipping is presented in Figure 
4-34: this indicates the initial pickup of slack (acceptable), following which slipping occurs 
on the micro-scale and macro-scale. This is only notable for the 75° and 90° load angles, due 
to the decrease in pull-off load and increase in shear load (relative to the base-plate). 
However, since the analysis that followed was a parametric study comparing undamaged FE 
T-joints to damaged FE T-joints, the validation performed was deemed sufficiently accurate. 
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Figure 4-34: Evidence of slipping of the experimental T-joint, 75° loading angle 
In terms of application of compliance monitoring to a structural proof testing methodology, 
FEA predicted that porosity (modelled as 10% reduction in material properties) cannot be 
detected through monitoring of structure compliance (relative to the undamaged state). For 
example, the 3% increase in compliance at the 15° tension load case is not statistically 
significant, and in practice would not only be difficult to reliably and accurately measure, but 
the experimental scatter and process variation (e.g. variation in part geometry) could mask 
this difference. However, experimental results suggested that under a 0° load or 60° tension 
load, porosity could be detected (highlighted in green in Table 4-7). This also suggests that 
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the porosity in the experimental test pieces was more severe than the 10% reduction in 
material properties assumed in the FE model. The results also suggested that a high 
concentration of porosity may be detectable under specific loading conditions (experimental 
results), however low level distributed porosity remains undetectable based on compliance 
alone (FEA results). 
In terms of delamination, both FEA and experiment were in agreement in terms of the ability 
to detect the presence of delamination for small compression loads or any tension load. By 
comparing the results from various loading directions, it may be possible to localise the 
damage.  
4.3.3 Alternative load cases  
4.3.3.1 Loads and boundary conditions 
Chapter 3 found that monitoring surface displacement provided only global indications of 
damage presence, and could not localise damage. As such, surface displacement monitoring 
was not continued in the following work. A number of alternative load types were 
investigated to determine their sensitivity to detection of damage within a T-joint using 
surface strain monitoring. The Unit depth FE model was employed to model the porosity and 
delamination that was introduced to the experimental test pieces (refer Figure 4-7 and Figure 
4-8 and Section 4.3.1.6), however the delamination was changed from an open-ended 
delamination to a closed delamination in order to better assess the effects of the different 
loading conditions. Only loads that induced a significant stress/strain along the damage region 
were considered; four loads were selected and are presented in Figure 4-35 along with the 
associated boundary conditions, damage region and result path length location. The 
displacement and strain distribution of the T-joint under the alternative loads are presented in 
Figure 4-36, where the displacement and von Mises strain contours are displayed on the 
deformed structure (undeformed outline is in the background). 
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Figure 4-35: Applied loads, boundary conditions, damage region, and strain and displacement path 
lengths (mapping line) 
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Figure 4-36: (top to bottom): tension, bending, compression and 2 point bending loads – (left) 
displacement contours, (right) von Mises strain contours 
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4.3.3.2 Results and discussion 
The strain maps were normalised against the maximum strain and the results for each load 
case are presented in Figure 4-37. Within this figure the undamaged and porosity curves are 
indistinguishable on this scale since very little change in strain occurred between these two 
data sets. The delamination case however, shows a clear increase in strain over the 
undamaged case, particularly around the areas of strain concentration (refer Figure 4-36). It 
was observed that delamination under tension and compression loads showed the most 
notable change in strain at the beginning and end of the damage region, however the peak at 
42 mm was attributed to the stress/strain concentration at the centre of the T-joint rather than 
a damage zone. This indicates that inducing a high stress or strain across a damage region as a 
means of damage detection is only reliable when other significant stress/strain concentrations 
are minimal or absent. 
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Figure 4-37: Results – normalised strain map (von Mises) of test cases under the applied loads 
The magnitude of the increase in strain from undamaged-to-damaged cases is presented in 
Figure 4-38 and Figure 4-39. Note that the arbitrary loads selected resulted in relatively small 
strain measurements (20-100 μstrain), however what is important to note is which loading 
technique(s) best highlight the damage zone. In practice, larger loads closer to the material 
tensile/compressive strengths or closer to the strain-to-failure limit (e.g. 1590 μstrain for 
VTM264 [208]) would be applied to yield more measurable results. 
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Figure 4-38: Change in von Mises strain, Delamination to Undamaged 
0
0.0001
0.0002
0.0003
0.0004
0.0005
0 10 20 30 40 50 60 70 80 90 100 110
Path Length (mm)
C
ha
ng
e 
in
 s
tra
in
 (v
on
 M
is
es
)
Stiffener Bending Compression
Damage
 
Figure 4-39: Change in von Mises strain, Porosity to Undamaged 
The strain graphs presented above were then normalised to determine the relative percentage 
increase in strain from undamaged-to-damaged T-joints (Figure 4-40 and Figure 4-41), which 
provides a more useful indication of the effectiveness of the alternative load types (e.g. a 
change of 0% would indicate no change in strain or displacement, and a value of 100% would 
indicate a doubling of the strain or displacement). The detectability of porosity and 
delamination under the alternative load types is summarised in Table 4-8. 
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Figure 4-40: Relative percentage increase in strain (von Mises, Delamination to Undamaged 
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Figure 4-41: Relative percentage increase in strain (von Mises), Porosity to Undamaged 
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Table 4-8: Effects of loads on detectability of damage through surface strain monitoring 
Damage Tension 
Stiffener 
Bending 
Skin 
Bending 
Compression 
Po
ro
si
ty
 
No 
End of porosity 
region only 
No 
• Detect increase in 
strain concentration 
at centre of joint 
• End of porosity 
region 
D
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n 
•Detect increase in 
strain 
concentration at 
centre of joint  
• Beginning of 
delamination 
• Additional peaks 
within 
delamination 
region 
Detect end of 
delamination 
• Detect 
beginning 
and end of 
delamination 
• Additional 
peaks within 
delamination  
• Detect end of 
delamination 
• Very small change 
in strain magnitude 
4.3.3.3 Relevance of analysis to structural proof testing 
The following observations and conclusions were made regarding the ability of surface strain 
monitoring to detect porosity and delamination within the structural proof testing of 
composite T-joints: 
• Detection of delamination damage using surface strain monitoring was accurate with 
respect to locating damage, however both the strain and relative percentage increase in 
strain graphs indicated some false detection.  While the relative percentage increase strain 
map (Figure 4-40) avoided false detection at the centre of the joint (see Figure 4-38), it 
did indicate false detection to the right of the damage region. This false detection could be 
avoided by applying several load types to isolate the regions of false detection. In the case 
of the T-joint, a ‘higher sensitivity’ load such as skin bending could be combined with a 
‘lower sensitivity’ load such as a compression load, to provide a reliable means of 
detecting damage location. 
• The relative percentage increase strain map of the porosity (Figure 4-41) provided an 
exaggerated result over the strain map of Figure 4-39. This indicated that only two of the 
alternative loads were able to detect a change from undamaged-to-damaged models. 
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Furthermore Figure 4-39 indicates significant false detection at the centre of the joint due 
to the stress/strain concentration within this region. Detection of porosity in this location 
was possible however the technique cannot be reliably used to detect damage location. 
• Comparing the porosity and delamination surface strain map results, it was observed that 
the magnitude of the relative percentage increase strain could be used as a measure of the 
damage severity. 
Proof testing requires the loadings to be defined such that the ability to detect and localise 
damages is optimised. In part this is achieved through applying an appropriate load type, but 
also increasing the load magnitude to a level that is within the material elastic properties, but 
does not induce significant new damage in critical areas. This increases the measurable 
response of the structure and highlights the change in strain from undamaged-to-damaged 
structures. However, the application of loads of high magnitude are a major issue when 
considering the detection of small and passive damages using surface strain monitoring. 
In the case of the T-joint, skin bending provides the most accurate and exaggerated indication 
of damage presence, however at the cost of a high sensitivity towards any area of high strain 
(i.e. centre of T-joint). The stiffener bending load produced a similar result, although the 
apparent ‘sensitivity’ to stress/strain concentrations was greatly reduced. The tension and 
compression loads could not detect porosity. As such, the stiffener bending load was applied 
to all subsequent strain monitoring analyses. 
4.3.4 Minimum detectable damage in T-joints 
For any NDT system, the minimum detectable damage needs to be defined in order to 
determine what damages escape detection – this is also important for satisfying both 
engineering and regulatory requirements. Proof testing is no different: the ultimate aim is to 
provide a system that places importance on the physical strength testing (and thereby residual 
strength and life prediction), as well as providing a means of damage quantification and 
assessment.  
This section explored this issue in terms of porosity, voids and delamination cracks within a 
T-joint in a proof testing scenario. The stiffness of the joint was monitored through surface 
strain monitoring, where the comparison of the undamaged-to-damaged models indicated 
damage presence, location and severity. This section investigated the minimum detectable 
damage within the skin/stiffener bond-line and central fillet region of a T-joint. The reliability 
of detection and location accuracy was also investigated. 
4.3.4.1 Damage detection in central fillet region: porosity and voids 
Based on the analysis of Section 4.3.3, the stiffener bending load was applied to all 
undamaged and damaged cases for the minimum detectable damage parametric study (refer 
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Figure 4-35). The detectability of porosity and voids in the central fillet region was 
investigated (refer Figure 4-25). 
Similar to the conclusion of Section 4.3.3, the most significant changes in surface strain when 
comparing damaged-to-undamaged results occurred in the regions of highest stress/strain 
concentrations. The concentrations themselves are responsible for amplifying the effects of 
small damages, making them more detectable. However this increase in local strain may also 
cause additional unwanted damages, hence the maximum allowable stress and strain within 
the structure should be closely monitored in practice. 
Upon comparison of the results of the upper and lower surface maps from the same dataset, it 
was found that the increase in strain along the upper surface was of greater magnitude than 
the strain measured for the lower surface (increased by a factor of 10). This allowed a more 
measurable response from the upper surface when monitoring changes in surface strain. 
Examples of the lower and upper surface strain maps are presented in Figure 4-42 and Figure 
4-43.  
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Figure 4-42: Strain map, lower surface – porosity and voids 
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Figure 4-43: Strain map, upper surface – porosity and voids 
The introduction of voids yielded significantly larger increases in surface strain compared to 
the porosity results, to the extent that the Void 20% case yielded a larger change in surface 
strain than the Porosity 100% case. A closer view of the surface strain map of Figure 4-43 is 
presented in Figure 4-44, which shows the detailed strain map along the curved section of the 
stiffener on the left hand side of the T-joint, closest to the fillet damage region (also the region 
of highest stress/strain concentration). 
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Figure 4-44: Close view of strain map, upper surface – porosity and voids 
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The relative percentage increase in surface strain from undamaged-to-damaged models was 
calculated, which highlights regions of significant change in surface strain. However this 
calculation method also indicated false detection in areas of high stress/strain concentration 
regardless of damage presence. It did however allow detection of flaws from the lower 
surface, which in practice would allow the flat lower surface to be mapped rather than the 
more complex upper surface. For example, in the case of Porosity 20%, the lower surface 
strain map showed a 12% increase in maximum strain where as the corresponding upper 
surface strain map reveals only a 1% increase. The relative percentage increase in strain for 
the lower surface strain maps are presented in Figure 4-45 and Figure 4-46.  
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Figure 4-45: Strain map, relative percentage increase in strain undamaged-to-damaged case – 
porosity and voids 
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Figure 4-46: Strain map, relative percentage increase in strain undamaged-to-damaged case – 
porosity and Void 20% 
The following observations were drawn as a result of the damage parametric study in the 
centre fillet region: 
• Detection and localisation of small and passive damages relies on the area surrounding the 
damage(s) to have a high stress/strain concentration in order to amplify the surface strain 
map. However increasing local stress and strain in critical areas of a joint can be 
dangerous if the local stress/strain exceeds the limits of the elastic material properties. 
• Void sizes from 20% to 100% were found to be detectable, and the larger of the porosity 
results also indicated significant change in surface strain map. However in practice the 
change in strain magnitude values from undamaged-to-damaged specimen are small. This 
requires precise measurement in practice, and an applied load that can increase the local 
surface strain to a measurable value.  
• The above two findings limit the usefulness of surface strain monitoring to detect passive 
damages such as porosity, as it is a function of the maximum allowable applied load. 
However, the technique does have potential for detecting porosity in joints, although 
within the central fillet region surface strain monitoring is limited to detection of the 
largest, possibly unrealistic levels of porosity only. 
• Figure 4-47 presents the internal strain contours of the undamaged, porosity-damaged and 
void-damaged T-joints. This clearly showed how the voids and porosity damages affected 
the internal strain, and in the case of porosity, although the internal strain changed, it did 
not propagate a similar change to the surface. 
• Surface strain monitoring is thus limited based on the size or severity of the damage and 
the proximity of the damage to the surface (similar conclusions made in Section 3.3.4). 
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Figure 4-47: Strain contours (von Mises) on deformed T-joint: porosity and voids in central fillet region 
 
 Chapter 4 – Stiffness-based damage detection – alternative loads and minimum detectable damage 
  165
4.3.4.2 Damage in skin/stiffener bond-line: porosity and delamination 
The minimum detectable porosity and delamination damage within the skin/stiffener bond-
line was investigated using surface strain monitoring (refer Figure 4-26 and Figure 4-27 of 
Section 4.3.1.6), for which the results were very similar to the observations and conclusions 
made in 4.3.4.1: 
• The upper surface strain maps yielded higher magnitude results than the corresponding 
lower surface strain maps for the same dataset. This difference in upper and lower surface 
map values is a direct result of geometry and load application. However the lower surface 
percentage increase strain maps provided more obvious indications of local damage. 
• Delamination damage was detected locally for all cases.  
• Variation in the surface strain maps for bond-line porosity damage was minor for all 
cases, and indicated porosity was practically undetectable. 
• The strain monitoring technique is sensitive to false detection outside of the damage 
regions due to local stress/strain concentrations. 
The lower surface strain map results for delamination and porosity are presented in Figure 
4-48 and Figure 4-49 respectively. Similar results were found for the upper surface strain 
map, although the indication of the boundary of the damage zone was significantly less 
accurate. 
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Figure 4-48: Lower surface strain map, all delamination cases 
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Figure 4-49: Lower surface strain map, all porosity cases 
The very small, small and medium delamination damages were clearly identified by 
distinctive peaks at the beginning and end of the damage region. However, the largest 
delamination (unrealistically large) was of such severity that it significantly changed most of 
the surface strain map (Figure 4-48). The porosity surface strain map results showed that 
minor change was notable only in the region of highest stress/strain about the fillet region, 
despite the length of the damage region – same as delamination (Figure 4-49). The relative 
percentage increase in strain was calculated for the lower surface strain map for the porosity 
damage cases, for which the results are presented in Figure 4-50. This indicated significant 
false detection outside of the damage regions, which confirmed a fundamental issue of surface 
strain monitoring: for passive and small defects, the NDT technique often times predicts false 
detection in regions far from the damage region, and these false detections are of a magnitude 
change similar to that of the damage regions. As such, surface strain monitoring can reliably 
indicate all levels of porosity investigated within a skin/stiffener bond-line, however 
localisation is not possible. Furthermore in practice the measurement equipment would 
require a very high fidelity to detect the relatively minor increases in strain from an 
undamaged specimen to a damaged specimen. 
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Figure 4-50: Relative percentage increase in strain, lower surface strain map, all porosity cases 
The internal strain contours of the T-joint for the porosity and delamination damage cases are 
presented in Figure 4-51. This showed the dramatic change of internal and external strain for 
the delamination cases, and also indicated a notable change of internal strain throughout the 
porosity cases however this change did not significantly affect the surface strain. 
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Figure 4-51: Porosity and delamination along bond-line – von Mises strain contours on displacement 
magnitude deformation 
In the case of the T-joint, porosity along the skin/stiffener bond-line can be detected when the 
porosity is large enough, however it cannot be reliably located. This is due in part to the 
redistribution of stress/strain as a result of small-severity passive damage across a large area. 
For example, the Porosity, very small case alleviates the strain concentration within the fillet 
region (Figure 4-51), and despite this significant internal change, there is no measurable 
change on the surface. 
Similar to the introduction of voids to the central fillet region of the T-joint, delamination 
presence is detectable and the size of the delamination is indicated by significant peaks 
indicating high local changes in strain. However, the exact location became more ambiguous 
as the length of the delamination became larger. 
The parametric study of damage in the skin/stiffener bond-line has revealed that surface strain 
monitoring in proof testing is only useful in revealing larger flaws that would class the 
structure as defective. At best, the non-destructive proof testing method of surface strain 
monitoring may detect porosity if it is of sufficient size and concentration, otherwise porosity 
is not reliably detectable along the skin/stiffener bond-line. 
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4.4 CONCLUSION 
The applicability of surface strain monitoring within a proof testing environment to detect and 
locate large damages as well as small and passive damages was extensively investigated. 
Porosity, voids and delamination were introduced to an experimentally validated T-joint in 
the central fillet region and along the skin/stiffener bond-line. The original contribution of this 
work to the current body of literature is the investigation of small and passive damages within 
these regions, which has not yet been considered in detail, particularly with respect to 
stiffness-based damage detection techniques applied during structural proof testing. A number 
of practical observations and conclusions can be made regarding damage detection in 
composite T-joints using the surface strain monitoring technique: 
• Surface strain monitoring benefits from structural loadings that cause high stress/strain 
structural responses about the damage region, as this has the effect of amplifying the local 
surface strain fields. Proof testing would thus require more than one load in order to 
appropriately stress a structure across is length and depth, and cross-referencing of results 
may aid reliable damage location detection. However as identified above, loading critical 
areas of structures in this way may compromise the safety of the joint. Surface strain 
monitoring is thus limited by the maximum allowable proof load applied such that local 
stresses and strains do not exceed material properties. 
• Surface strain monitoring has the ability to detect damage location, although it is 
susceptible to false detection in regions of high stress/strain concentration regardless of 
damage location. In some instances the false detection is minimal compared to the correct 
detection, however this was found not to be true of small and passive damages. 
• Porosity is only detectable in high concentrations over a large area using surface strain 
monitoring, such as porosity throughout the central fillet region. Detection of porosity 
along the skin/stiffener bond-line was not reliably achieved. 
• All delaminations and voids were detectable, although these damage types are considered 
‘extreme’, and as such structure containing these flaws would likely not pass quality 
assurance standards for aircraft. 
• The success of surface strain monitoring in a proof testing scenario is a function of 
damage severity and the proximity of damage location to the surface of the structure. 
In order to detect small and passive flaws using surface monitoring techniques during 
structural proof testing, all nominally identical structures tested would require a high 
geometric tolerance during manufacture, and the testing and measurement equipment to have 
high fidelity. This is necessary since the variation in small damages such as porosity has 
relatively minor changes on surface displacement. As such difficulties would be expected 
when taking into account process variation and experimental error. 
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5.1 INTRODUCTION 
Another stiffness-based damage detection technique that can be employed within structural 
proof testing is that of modal analysis. Modal analysis is more sensitive to local changes in 
stiffness than surface displacement and strain monitoring. The literature review has revealed a 
number of studies that have utilised changes in mode shape curvature – the double derivative 
of mode shape displacement – to detect local damages (refer Section 2.5.4). However, no 
work has yet been achieved applying the mode shape curvature technique to the detection of 
small and passive damages/defects, such as porosity, in complex composite structures. 
Each structural modal frequency has an associated mode shape displacement (MSD), and 
although these mode shapes are not particularly sensitive to local changes, their double 
derivative, mode shape curvature (MSC), are highly sensitive to local change. The technique 
subtracts the damaged MSC from the undamaged MSC, thus highlighting any significant 
differences between the two curves, i.e. local damage. Damage presence changes the local 
modulus of the structure, and thus alters the local mode shape. In this case, delamination and 
porosity were introduced experimentally and numerically to a T-joint. Although MSC as a 
damage detection technique has been explored in the past, it has been limited to large 
damages in simple geometries, and has not yet been applied to small and passive damages in 
joints. As outlined in Chapter 2, the novel structural proof testing methodology proposed 
lacks the ability to detect and locate small flaws and passive flaws. The feasibility of using the 
MSC-difference technique to detect these types of flaws throughout a T-joint was 
investigated. 
The experimental T-joints containing porosity and delamination (refer Section 4.2.1) were 
first tested in practice to measure the MSC and practically assess the ability of the technique 
to detect damage. Following this the FE T-joint model of Chapter 4 was used to replicate the 
mode shapes of the experimental test pieces. The experimentally validated FE models were 
then used to extend the analysis to consider delaminations and porosity of varying size 
throughout the T-joint. 
5.2 EXPERIMENTAL ANALYSIS 
5.2.1 Introduction 
The MSD of the test specimens were experimentally measured and the MSC calculated. This 
was performed for each of the undamaged, porosity and delamination specimens, from which 
the difference between MSCs from undamaged-to-damaged structures (referred to as “MSC-
difference”) provided an indication of local damage/defects. Although this technique has been 
applied in the past, it has not been applied to detecting porosity in joints. This PhD project 
investigated the application of detecting porosity in previously undetectable locations within a 
T-joint (e.g. the central fillet region) as part of a structural proof testing methodology. 
 Chapter 5 – Mode Shape Analysis  
 172
A technique for measuring and calculating the MSC of a T-joint was established, for which 
the results provided a means of validating a corresponding FE model. The model was then 
used to extend the analysis by investigating different boundary conditions, damage types and 
damage locations. In addition to the MSC-difference analysis, shifts in frequency peaks from 
undamaged-to-damaged specimens were also investigated as a means of detecting damage 
presence. 
5.2.2 Experimental setup 
The test specimens were rigidly connected to a shaker, which excited the structure with a 
sinusoidal excitation and a scanning laser vibrometer (SLV) was used to measure the vertical 
displacement at each modal frequency (MSD). 
A rigid wire was used to connect the shaker to the test specimen via attachment pieces which 
were glued to the test specimen using the smallest amount of glue possible such that it did not 
significantly add to the weight of the test piece or provide a significant form of damping to 
the input excitation. The shaker provided a sinusoidal excitation vibration from 0–10 kHz, 
and an amplifier was used to increase the magnitude of the signal. Both the upper and lower 
surfaces of the test specimens were scanned: when scanning the lower surface, the attachment 
point to the shaker was at the top of the T; when scanning the upper surface, the attachment 
point was located at the edge furthest from the damage region. Both attachment points were 
placed at the centre of the test piece depth-wise (Figure 5-1). For each specimen type 
(undamaged, delamination and porosity), there were five nominally identical test specimens: 
15 in total.  
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Figure 5-1: Dimension of test specimen scanning area, damage area, and attachment points 
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In all test cases the specimen was restrained via the attachment to the shaker and was 
suspended in place using rubber bands, which did not impose a significant boundary condition 
and had no effect on the results (Figure 5-2). 
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Figure 5-2: Experimental setup to measure MS displacement, (left) lower surface, (right) upper surface 
For each test piece, two 2D lines were scanned to create the MSDs: one line was along the 
centre of the test piece, and the other was 5 mm in from the edge of the test piece. The 
experimental setup and scanning lines are shown in Figure 5-3, and the dimensions of the test 
piece, attachment points and scanning line of 192 mm in length are shown in detail in Figure 
5-1. The entire test setup is presented in Figure 5-4. 
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Figure 5-3: Attachment points & scanning lines (left) scan upper surface, (right) scan lower surface 
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Figure 5-4: Complete experimental setup – test specimen rig, SLV and computer 
A ‘periodic chirp’ was used as the input excitation, which was a 0–10 kHz sinusoidal 
excitation. The SLV scans several predefined points of the surface of the specimen and 
records the displacement, velocity and acceleration of each point at all frequencies. The result 
is a frequency response curve from which the peaks, which represent modes of significance, 
are selected by the user (Figure 5-5 and Figure 5-6). In this case the displacement points of a 
single 2D line across the specimen were extracted for each mode, a curve was fitted to the 
experimental MSD (due the presence of noise/error) and its double derivative was evaluated 
to determine the mode shape curvature (MSC). 
 
Figure 5-5: SLV output data – experimental frequency response 
 Chapter 5 – Mode Shape Analysis  
 175
 
Figure 5-6: SLV output data – modal peak selection 
5.2.3 Mode shape selection 
For each experimental scan point the SLV recorded all displacement data from maximum 
displacement through to minimum displacement in ‘180 degree’ increments, which provided a 
3D moving image of the mode shape. A 2D stationary MSD was selected by defining a peak, 
trough or line end to be at its maximum or minimum displacement. Thus all MSDs were 
captured in the same way enabling direct comparison. Each MSD was also normalised due to 
variation between nominally identical test pieces, and especially between damage types 
(explained in Section 5.2.4). 
For each test specimen, the measured mode shapes varied a little between test pieces, thus 
only the most prominent mode shapes that occurred in most or all test specimens were 
subsequently analysed. It was noted that there were less observable mode shapes when 
scanning the lower (flat skin-side) surface compared to the upper (non-flat stiffener-side). 
Observations of the raw MSD scans revealed a distinct ‘kink’ in the delamination scan, 
whereas the porosity and undamaged scans were undistinguishable from one another (Figure 
5-7). A Matlab® script was applied to all datasets, which calculated figures of the MSD, MSC, 
and ‘MSC-difference’ curves. The raw MSD curves are presented in Appendix 2.1. 
 
 
Figure 5-7: Experimental mode shape displacement scans, (above) porosity, (below) delamination 
The mode shapes associated with the lower modal frequencies were easier to define than the 
higher modal frequencies for each test piece. The relative ‘strength’ of a mode shape, which 
represents the reliability in terms of an accurate MSC-difference result, can be judged by its 
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maximum displacement within the MSD scans. A plot of these ‘strengths’ is presented in 
Figure 5-8 and Figure 5-9, and demonstrates why the first few modes are much more 
consistent in their MSD appearance, and ultimately in their analysis (MSC and MSC-
difference) and ability to detect damage. 
The numbering system for the MSDs describes the mode shapes in terms of the increase in 
half sine waves present in the MSD. For example, Mode 1 is a half sine wave and Mode 2 is 
two half sine waves. In the case of the T-joint, Mode 2a and Mode 2b indicate mode shapes 
with two half sine waves each, although their MSDs differ. Furthermore, not all modes were 
present in both upper and lower surface scans; for example only one Mode 5 mode shape was 
observed in the upper surface scan, whereas two Mode 5 mode shapes with differing MSDs 
were observed from the lower surface scan. Similarly, there was no Mode 6 observed in the 
upper surface scan.  
The two excitation locations on opposite sides of the T-joint (upper and lower surface 
excitation) had significant effect on the resulting MSDs, and as such these two excitation 
points were also carried forward into the finite element analysis of Section 5.3. It was 
observed that the two excitation locations induced slightly different mode shapes for the 
corresponding upper and lower surface scans. Although the majority of mode shapes were 
common to scans of both surfaces, some mode shapes were observed to be unique to a 
particular excitation location/scan surface. This can be seen in the frequency response plots of 
Figure 5-8 and Figure 5-9.  
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Figure 5-8: Distribution of ‘mode strength’ for all test pieces – lower surface 
 
Figure 5-9: Distribution of ‘mode strength’ for all test pieces – upper surface 
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5.2.4 Normalising raw data 
It was necessary to normalise the MSD curves in order to directly compare the subsequent 
MSC curves. Normalisation was based on using a divisor calculated for each MSD curve by 
measuring the vertical distance from first measurement point to the first peak (Figure 5-10). 
Not only was this simple to apply, but the two points selected were farthest from the damage 
region and least likely to affect subsequent results. 
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Figure 5-10: Lower surface, mode 3 (left) raw MSD data, (right) normalised MSD 
5.2.5 Variation in nominally identical test pieces 
According to the literature [157] it is normal to expect variation in the frequency response in a 
single structure, as well as between nominally identical structures. Testing the same T-joint 
five times resulted in a highly consistent frequency response spectrum (Figure 5-11). Thirteen 
scans were performed for five nominally identical undamaged test pieces under nominally 
identical test conditions (Figure 5-12), and it was observed that while the lower modes are 
very similar, the higher modal peaks shift dramatically (refer also Figure 5-8 and Figure 5-9). 
This indicated that monitoring shifts in modal peaks alone would only be valid for the lower 
frequencies. A similar conclusion is made in the subsequent sections discussing MSC-
difference for each modal frequency. The frequency response spectrum scans of the upper and 
lower surfaces are presented in Appendix 2.2. 
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Figure 5-11: Frequency response spectrum – single undamaged test piece 
 
Figure 5-12: Frequency response spectrum – nominally identical undamaged test pieces 
5.2.6 Curve-fitting the MSD scan: interpolation schemes 
This section briefly discusses the curve-fitting techniques that were used to model the MSD 
from the raw data points of each scan from the SLV. Once curve-fitted, Matlab® was used to 
calculate the double derivative and thus provide MSC. This technique was also applied to the 
FE analysis of Section 5.3. A number of parametric studies were performed to determine the 
best technique of scanning experimental mode shapes and curve-fitting the results. It was 
decided that 218 scan points across a 192 mm length (refer Figure 5-1) would be required for 
an accurate representation of the MSD. A summary of the SLV scan parameters is presented 
in (Table 5-1). 
 Chapter 5 – Mode Shape Analysis  
 180
 
Table 5-1: SLV scan settings 
Bandwidth analysed 
Parameter 
0 – 5 kHz 0 – 10 kHz 
FFT lines 6400 12800 
Sample frequency (kHz) 25.6 25.6 
Sample time (s) 0.640 1.285 
Resolution (mHz) 781.25 781.25 
A number of interpolation schemes were investigated to curve-fit the raw MSD data including 
high order polynomial interpolation, cubic splines, least-squares spine, and a combination of 
these (each of these could in turn be slightly modified using ‘knots’ within Matlab®). A 
Matlab® script was used to automate calculation of MSC data. For each interpolation scheme, 
a curve-fitting tolerance was applied; too low a tolerance would result in a smooth MSD, but 
insufficient detail in the second derivative, MSC, and too high a tolerance would result in 
very noisy data in the second derivative (demonstrated in Figure 5-13 and Figure 5-14). For 
each approximation curve, an appropriate tolerance was manually selected in order to avoid 
these two extreme cases. Furthermore, despite a lower tolerance providing a smoother second 
derivative, the peaks and troughs of higher mode shapes were often not approximated 
correctly (Figure 5-15). A summary of the four major approximation schemes investigated is 
presented in Figure 5-16 and Figure 5-17. 
 
 
Figure 5-13: MSD raw data and cubic spline approximation 
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Figure 5-14: (above) 1st and 2nd derivatives of Mode 1 MSD, 1×10-5 tolerance, (below) 1st and 2nd 
derivatives, 1×10-8 tolerance 
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Figure 5-15: MSD approximation with lower tolerance of 1.5×10-4 resulting in errors in the MSD 
 
 
 
Figure 5-16: Porosity MSD, mode 4 
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Figure 5-17: Porosity MSC, mode 4, (2nd derivative) 
In order to understand the effect of each of these approximations on the results, Mode 1 and 
Mode 4 MSC-difference curves are presented in Figure 5-18 and Figure 5-19 (i.e. the 
undamaged MSC, minus the damaged MSC curves). The excitation point and damage region 
are also indicated in these figures. 
Polynomial approximation was excluded as it consistently predicts sinusoidal behaviour in 
places where the MSC is clearly not sinusoidal. Similarly, the cubic spline approximation was 
determined to be too irregular. There was minimal difference between the least-squares and 
spline[least-squares] approximations, although the latter provides slightly better resolution, 
smoother sinusoidal prediction and more obvious damage indication peaks. As such the 
spline[least-squares] approximation curve (green curves in the figures of this section) are 
applied to all subsequent data sets. 
In terms of the MSC-difference curve of Figure 5-18 and Figure 5-19, the absolute values are 
calculated since it is the magnitude of difference rather than direction (positive/negative) that 
is important. According to the literature [165] a peak should be present at the beginning and 
end of the damage region, and depending on the damage severity, several peaks across the 
damage region. However, it was expected that the more severe damage case of delamination 
would also affect the MSC-difference curves outside of the damage region. This was seen 
when comparing delamination and porosity MSC-difference figures. Note that the ‘beginning’ 
of the damage region is defined as the point closest to the centre of the T-joint, and the ‘end’ 
of the damage region is defined as the point furthest away from the centre of the T-joint (refer 
Figure 5-20). 
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Within the MSC-difference figures, the dashed vertical line represents the point of excitation, 
and the distance between the vertical solid black lines indicates the damage region. The 
horizontal axis is the path length across the top or bottom surface of the T-joint (excluding the 
vertical stiffener), and the vertical axis is the MSC-difference value. 
 
 
Figure 5-18: Mode 4 MSC-difference, undamaged minus delamination 
 
 
Figure 5-19: Mode 1 MSC-difference, undamaged minus delamination 
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Figure 5-20: Reference for the ‘beginning’ and ‘end’ of the damage region 
5.2.7 Results and discussion 
For each mode shape analysed there were 15 specimens (5 undamaged, 5 delamination, 5 
porosity), however not all of these specimens exhibited all of the mode shapes. Once again 
the lower frequency modes were more consistent in exhibiting all mode shapes compared to 
the higher frequency modes.  
In the MSC-difference figures presented in this section, U1, D1 and P1 represent Undamaged 
specimen 1, Delamination specimen 1 and Porosity specimen 1 respectively. Thus a result of 
“U1-D5” indicates that the MSC of delamination specimen 5 was subtracted from the MSC of 
undamaged specimen 1. In the same MSC-difference figures the dashed vertical line 
represents the point of excitation, and the distance between the vertical solid black lines 
indicates the damage region. Each damaged MSC was compared with each undamaged MSC, 
yielding a significantly large number of results. As such only representative figures are 
presented in the following sections to highlight the important findings. 
5.2.7.1 Delamination results 
Mode 1 consistently provided the most accurate results in terms of accurately detecting 
damage location for all cases (edge and centre scans for both upper and lower surfaces), and 
an example of this is presented in Figure 5-21. The benefit of comparing a single undamaged 
specimen to all damaged specimens is to determine which mode shapes contain some form of 
error. For example, the “U1-D1” MSC-difference curve in Figure 5-21 is a clear outlier 
compared to all other results for the lower centre scan, however it is accurate for the upper 
edge scan. This is most likely due to a slightly different mode shape exhibited along the scan 
line compared to all other results. 
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Figure 5-21: MSC-difference, U-D, Mode 1, (left) lower centre scan, (right) upper edge scan 
When calculating the MSC-difference for modes higher than mode 1, the detection of damage 
became progressively more ambiguous. Where Mode 1 typically exhibited a single large peak 
in the damage region, Mode 2a, Mode 2b and Mode 3 typically exhibited several peaks, often 
immediately before and immediately after the damage zone (Figure 5-22). Similar results 
have been reported in the literature [165]. 
  
Figure 5-22: MSC-difference U-D, (left) Mode 2a lower centre scan, (right) Mode 3 upper edge scan 
The higher frequency modes (Mode 5a, 5b and 6) included significantly more noise and 
variation across the specimen, and when damage was detectable it was typically in the form of 
a large peak across the damage region, and a large peak after the damage region (relative to 
the point of excitation) (Figure 5-23). The higher modes were often susceptible to both missed 
detection and false detection, and as such it is recommended to use only the lower modes as 
indications of damage. 
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Figure 5-23: MSC-difference U-D, (left) Mode 5a lower edge scan 
Within the delamination results, the excitation locations did not appear to significantly 
influence the MSC-difference figures locally, and only a minority of results showed any 
indication of excitation location by way of a significant peak. Peaks indicating excitation 
location only occurred for the centre scans (which cross the top of the excitation location), 
and not for the edge scans (at a distance from the excitation location). 
The MSC-difference technique was successfully applied to detecting and locating 
delamination within the T-joint with a high confidence. It was determined that modes 1 
through 3 were most reliable and should be used in subsequent analyses. As such the MSC-
difference technique can be integrated into a proof testing methodology to detect and locate 
large, active damages in joints. This is the first time the technique has been applied to T-
joints, for which the results are promising. The MSC-difference technique was then extended 
to the test specimens containing porosity. 
5.2.7.2 Porosity results 
Similar conclusions were made for the porosity results as were made for the delamination 
results (Section 5.2.7.1) in terms of the reliability and accuracy of the lower modes; Modes 5a 
and 6 could not reliably detect porosity. Similarly it was observed that the edge scans of the 
T-joint were less susceptible to additional peaks in the excitation region. A number of 
differences were noted between the delamination and porosity MSC-difference curves. The 
magnitude of the MSC-difference curves can be used as a measure of the severity of the 
damage, which is also a parameter required by structural proof testing. Within the 
experimental results, the porosity damage case had significantly smaller MSC-difference 
values compared to the equivalent delamination damage case. This concept is explored in 
further detail in Section 5.3.4. The MSC-difference curves for Modes 1 and 3 are presented in 
Figure 5-24.  
 Chapter 5 – Mode Shape Analysis  
 188
  
Figure 5-24: MSC-difference U-P, (left) Mode 1 lower edge scan, (right) MSC-difference U-P Mode 3 
lower edge scan 
Porosity damage was detected in a number of modes, for which the damage location was 
clearly observable in the lower modes (Modes 1 to 3). However, the MSC-difference peak 
indicating damage location was consistently shifted to the right with respect to the centre of 
the joint. This phenomenon is investigated further throughout Section 5.4 in a number of 
damage parametric studies. It was also observed that the edge scans were consistently more 
accurate with respect to clear indications of damage location, compared to the centre scans. 
This suggests that in practice the excitation location affects the damaged mode shape locally; 
i.e. due to the presence of damage in the structure and the MSC-difference is amplified at the 
excitation point, as well as across the damage region. The upper surface scans were 
sometimes less successful than the lower surface scans in terms of accurate detection of 
porosity, although successful damage detection was observed from both (Figure 5-25). 
 
Figure 5-25: MSC-difference U-P, Mode 2b upper edge scan 
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It is highly likely that the porosity was of such small severity that the stiffness of the structure 
and excitation location were significantly affecting the indication of damage presence (MSC-
difference peaks) throughout the structure. This aspect was also explored further using an FE 
model to study alternative damage cases. For those MSC-difference figures that produced a 
number of peaks across the length of the specimen, it can most likely be attributed to missed 
detection, and what the peaks referred to were the direct result of the geometry and excitation 
point (Figure 5-26). 
 
Figure 5-26: Effect of geometry and excitation on MSC-difference U-P (Mode 3 lower centre scan) 
Porosity has been successfully detected in a T-joint using the MSC-difference technique, 
however the reliability of detection was decreased relative to that of the delamination results 
of Section 5.2.7.1. The lower frequency modes, lower surface scan, and edge scan were the 
most successful combination to accurately detect damage, however the porosity damage 
region was consistently predicted to the right on the damage region (relative to the centre of 
the joint). This has shown that the MSC-difference technique can be used to successfully 
detect porosity damage presence and location. Detection of porosity using this technique has 
not yet been achieved in the current body of literature. 
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5.2.8 Conclusion 
The MSC-difference technique was successfully applied to detect and locate delamination and 
porosity in a T-joint. A number of observations were made: 
• Modes 1 through 3 were the most reliable modes in terms of detecting damage presence 
and location. 
• The magnitude of the MSC-difference figures indicates the severity of the damage. 
• Delamination was readily detectable, and although porosity detection was more 
inconsistent, detection and localisation was possible, however the accuracy was affected 
by structure geometry and excitation location 
• In terms of detection of porosity (low severity damage case), the lower surface edge scan 
often provided accurate MSC-difference figures in terms of damage presence and 
location, however successful detection was also obtained from centre scans and upper 
surface scans. 
• Although the lower surface scan and upper surface scan yielded similar results, these two 
excitation locations were maintained throughout the numerical analysis as they yielded 
different MSDs. The edge scan and centre scan however were determined not to be critical 
parameters, and this in turn allowed an opportunity to assess a unit depth FE model 
(provides one 2D scan line) in place of a full depth model (provides two 2D scan lines). 
This is discussed further in Section 5.3. 
One of the major aims of this thesis was to assess a novel damage detection methodology 
within structural proof testing to detect, locate and assess small and passive damages. The 
results from the experimental investigation of the MSC-difference technique were shown to 
be promising in that porosity within the skin/stiffener bond-line was detectable. The 
magnitude of the MSC-difference figure indicates damage severity and provides an additional 
measure of damage beyond (1) presence and (2) location. When applying this technique to 
other structures, the results indicated that in order to detect the smallest defects, the ‘simplest’ 
surface should be scanned (in this case the skin-side, rather than the stiffener-side), and the 
excitation location should be as far as possible from the damage site. 
Following on from the experimental analysis, an experimentally validated FE model was used 
to extend the damage parametric study and determine the extent to which porosity can be 
detected using the MSC-difference technique. 
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5.3 NUMERICAL MODEL VALIDATION 
5.3.1 Introduction 
A number of different modelling techniques were investigated in order to produce an accurate 
and reliable T-joint model that was equivalent to the experimental T-joint of Section 5.2. A 
number of alternative boundary conditions and two different FEA solving solutions were 
explored and the results compared for a number of modal frequencies and mode shape 
displacements (MSD). 
In practice, the test specimens were supported by rubber bands and rigidly attached to the 
shaker. As such free-free boundary conditions were applied to the FE model, as well as 
limited movement boundary conditions placed at the excitation locations. Initially a simple 
modal analysis (Nastran SOL 103) was employed to calculate the mode shapes and 
corresponding frequencies. However, it was found that solutions from a frequency response 
analysis (Nastran SOL 111) provided superior accuracy, and did not have the boundary 
condition limitations of a modal analysis. 
Both a Unit depth model and a Full depth undamaged T-joint model were investigated and 
compared the experimental modal frequencies and associated mode shapes of Section 5.2. In 
this way, the models were validated against experiment, following which they were then 
applied to perform further parametric study using the MSC-difference technique.  
5.3.2 Finite element T-joint definition 
The Full depth model (coarse mesh) and Unit depth model (medium mesh) of Section 4.3.1.3 
were employed in the MSC-difference technique damage parametric study. A visual 
description of the Full depth FE T-joint is presented in Figure 5-27, and the key mesh 
parameters are presented in Table 5-2. The computer used throughout the PhD thesis was an 
Intel® Core™ 2 Duo CPU (E8400 @ 3.00 & 2.99 GHz), with 3.48 Gb of RAM. It is worth 
noting that the size of the Nastran results file for a Unit depth model was approximately 0.2 
Gb, whereas the same results for the Full depth model to amount approximately 4.1 Gb. The 
Full depth model also took significantly longer to compute, as shown in Table 5-2. 
  
Figure 5-27: Finite element T-joint model (left) lower surface, (right) upper surface 
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Table 5-2: Total number of nodes, elements and DOFs per model 
Mesh type No. nodes No. elements Approx no. DOFs Time to solve 
Medium, Unit depth 72,411 45,498 ~215,010 <10 minutes 
Coarse, Full depth 412,275 381,840 ~1,225,696 >8 hours 
Where the experimental test specimen was supported with rubber bands (Figure 5-2), this was 
not required to be modelled in FEA. However, the point of excitation was modelled in the 
same locations as experiment, and was done so using several methods: (1) no boundary 
condition, (2) fixed in all DOFs, (3) allow translational movement in shaker input excitation 
direction only. The T-joint FE model also was restricted at the front face and rear face from 
translating and rotating out of plane for all models, as this better modelled the experiment by 
avoiding mode shapes that could not be measured. 
5.3.3 Optimum FE T-joint model for modal analysis 
As mentioned, a frequency response analysis (Nastran SOL 111) was found to be superior 
over that of a modal analysis (Nastran SOL 103), and as such was applied throughout this 
section. Modal frequency response analysis allows the user to input an excitation frequency 
range and type (oscillatory, random, etc.) from which the response mode shapes are calculated 
and extracted at their exact frequencies. Unit sinusoidal excitations from 0–10 kHz were 
applied at the excitation points (refer Figure 5-2). 
This section covers the results of the most successful FE models: 
1a. “Full no BC”: Full depth model, no boundary conditions 
1b. “Unit no BC”: Unit depth model, no boundary conditions 
2a. “Full fixed UP”: Full depth model, fixed at upper excitation point 
2b. “Full fixed LOW”: Full depth model, fixed at lower excitation point 
3a. “Unit fixed UP”: Unit depth model, fixed at upper excitation point 
3b. “Unit fixed LOW”: Unit depth model, fixed at lower excitation point 
Note that throughout this section the finite element MSD figures are coloured by 
displacement (eigenvalue). “Experimental” refers to the experimental test results of Section 
5.2. All Unit depth models essentially represent the ‘centre scan’ indicated in Figure 5-3. The 
modal frequencies associated with the mode shapes were first compared between 
experimental and numerical results, following which a closer examination of the MSDs 
themselves between the same data sets was performed. 
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5.3.3.1 Full depth and Unit depth models, no boundary conditions 
1a. “Full no BC”: Full depth model, no boundary conditions 
1b. “Unit no BC”: Unit depth model, no boundary conditions 
The Nastran frequency response analysis does not require the structure to have fixed 
boundary conditions, and the excitation input is of a global nature (i.e. placement of excitation 
input does not affect results). Table 5-3 presents the results for the first 10 modes for both the 
Unit and Full depth models (Full no BC and Unit no BC), for which the results varied by less than 
0.05%. This shows that despite the significantly reduced model size and computation time, 
the Unit depth model could be used in place of the Full depth model to predict structural 
modes in a T-joint. Note there was no difference between lower and upper surface scans for 
these numerical results as the excitation point did not affect results, and there were no 
boundary conditions. 
Table 5-4 and Table 5-5 present the modal results of Full no BC against the experimental 
results, for both upper and lower scans respectively (note that the experimental SLV scans 
provided full 3-dimensional images). In these tables and all subsequent tables, the “% 
frequency change” refers to a percentage increase (positive value) or decrease (negative 
value) in natural frequency relative to the experimental modes. With the exception of Mode 1, 
the upper surface scans of Full no BC were within 8% of the experimental modal frequencies. 
Mode 1 frequency however was overestimated by 29%, possibly due to the lack of boundary 
conditions. The lower surface scans of Full no BC were similarly successful, with all results 
within 9% of experimental modal frequencies. The lack of boundary conditions for this model 
resulted in a uniform displacement across the depth of the T-joint, unlike the experimental 
MSDs which were affected by the excitation location. 
Note that the FEA output shows the MSD at one of two maximums, for which the maximums 
are inverses of each other. During vibration, the mode shapes are captured when velocity is 
zero (acceleration at a maximum), i.e. the far left and right edges of the T-joint are at their 
maximum displacement (refer Figure 5-28). Although the FEA result output orientation could 
not be changed within FEA, the 2D scan lines extracted were inverted where required. 
  
Figure 5-28: FEA Full depth models, Mode 1 with maximum displacement, (left) extremes of the T-joint 
are displaced upwards, (right) inverse of the left figure where the extremes of the T-joint are displaced 
downwards 
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Also note that due to the lack of boundary conditions in the Full no BC model, there was no 
depth-wise change in the MSDs, which was present in the experimentally measured MSDs. 
As boundary conditions were introduced into the Full fixed models, changes in the MSD depth-
wise were observed. 
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Table 5-3: Mode shape displacement – Full no BC and Unit no BC 
Mode 
no. 
Unit no BC 
frequency 
(Hz) 
Unit no BC 
MSD 
Full no BC 
frequency 
(Hz) 
Full no BC 
MSD 
% 
frequency 
change 
1 503.0 503.1 
 
+0.01% 
2 632.2 632.5 
 
+0.05% 
3 1,201.3 1,201.5 
 
+0.02% 
4 1,693.0 1,693.1 
 
+0.01% 
5 3,642.6 3,642.3 
 
–0.01% 
6 4,590.5 4,590.8 
 
+0.01% 
7 4,616.4 
 
4,616.2 
 
+0.00% 
8 6,996.3 6,996.6 
 
+0.00% 
9 8,258.6 8,260.7 
 
+0.03% 
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Table 5-4: Mode shape displacement – experiment and Full no BC, upper scan 
Experiment FEA 
Upper scan, 
experimental MSD 
Frequency 
(Hz) 
Upper scan, 
Full no BC MSD 
Frequency (Hz) & 
% frequency change 
“Mode 1” 
360 
 
503 (+29%) 
“Mode 2a” 
620 
 
633 (+2%) 
“Mode 2b” 
1,111 
 
1,202 (+8%) 
“Mode 3” 
1,678 
 
1,693 (+1%) 
“Mode 5” 
3,858 
 
3,642 (–6%) 
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Table 5-5: Mode shape displacement – experiment and Full no BC, lower scan 
Experiment FEA 
Lower scan, 
experimental MSD 
Frequency 
(Hz) 
Upper scan, 
Full no BC MSD 
Frequency (Hz) & 
% frequency change
“Mode 1” 
490 
 
503 (+3%) 
“Mode 2a” 
573 
 
633 (+9%) 
 
“Mode 2b” 
1,176 1,202 (+2%) 
“Mode 3” 
1,688 1,693 (+0.3%) 
“Mode 5b” 
3,590 
 
3,642 (+1%) 
“Mode 6” 
4,545 
 
4,591 (+1%) 
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5.3.3.2 Full depth model, fixed at excitation point 
2a. “Full fixed UP”: Full depth model, fixed at upper excitation point 
2b. “Full fixed LOW”: Full depth model, fixed at lower excitation point 
In order to better simulate the experimental test conditions, the point of excitation was 
restrained in all translational and rotational DOFs, except for translational movement in the 
direction of the shaker input (vertical direction). A notable change around the lower excitation 
point on the Full fixed UP model was observed. The FEA MSDs were plotted as exaggerated 
displacement responses in order to highlight the local effect of the boundary conditions at the 
excitation point on the lower surface. Within the experimental MSDs, the depth-wise change 
in MSD at the point of excitation can be observed, particularly at the higher modes. This is 
now captured by the Full depth models. 
The previous overestimation of Mode 1 for the upper surface scan of Section 5.3.3.1 (Full no 
BC) was corrected and predicted within 5% of the experimental results (Table 5-6). Prediction 
of all upper surface modes are excellent in comparison to the experimental modal frequencies, 
however the lower surface scan of Full fixed LOW was generally less accurate than the previous 
model, particularly Mode 2a (Full no BC). While the correct mode shape for lower scan Mode 
2a was predicted in the FE model, the modal frequency is less than that of Mode 1. Mode 2a 
often appeared as the ‘weaker’ mode compared to the ‘stronger’ Mode 2b in terms of a 
distinctive peak in the frequency response graph, and this is the case here. Furthermore, the 
Mode 2a MSD was not predicted accurately with respect to experiment (discussed in detail in 
Section 5.3.3.5). 
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Table 5-6: Mode shape displacement – experiment and Full fixed UP, upper scan 
Experiment FEA 
Upper scan, 
experimental MSD 
Frequency 
(Hz) 
Upper scan, 
Full fixed UP MSD 
Frequency (Hz) & 
% frequency change 
“Mode 1” 
360 
 
341 (–5%) 
“Mode 2a” 
620 
 
562 (–10%) 
“Mode 2b” 
1,111 1,099 (–1%) 
“Mode 3” 
1,678 
 
1,815 (+8%) 
“Mode 5” 
3,858 
 
3,932 (+2%) 
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Table 5-7: Mode shape displacement – experiment and Full fixed UP, lower scan 
Experiment FEA 
Lower scan, 
experimental MSD 
Frequency
(Hz) 
Lower scan, 
Full fixed LOW MSD 
Frequency (Hz) & 
% frequency change 
“Mode 1” 
490 
 
421 (–16%) 
“Mode 2a” 
573 
 
356 (–61%) 
“Mode 2b” 
1,176 
 
1,119 (–5%) 
“Mode 3” 
1,688 
 
1,455 (–16%) 
 
“Mode 5b” 
3,590 
 
3,729 (+4%) 
 
“Mode 6” 
4,545 
 
4,211 (–8%) 
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5.3.3.3 Unit depth model, fixed at excitation point 
3a. “Unit fixed UP”: Unit depth model, fixed at upper excitation point 
3b. “Unit fixed LOW”: Unit depth model, fixed at lower excitation point 
Section 5.3.3.2 was repeated using the Unit depth model (Unit fixed UP and Unit fixed LOW). The 
upper and lower surface scans are presented alongside the experimental modes in Table 5-8 
and Table 5-9 respectively. Results for the upper surface scan were very similar to those of 
Unit no BC (Section 5.3.3.1), including the significant overestimation of Mode 1. Mode 2a of 
the lower surface scan was again significantly underestimated with the same error found 
previously (i.e. mode shape correct, but Mode 2a modal frequency is less than that of Mode 1, 
see Table 5-9). By including the fixed boundary condition at the excitation point, this model 
effectively represents a 2D segment of the Full fixed UP and Full fixed LOW models that intersects 
the excitation point (i.e. centre scan). 
Table 5-8: Mode shape displacement – experiment and Unit fixed UP, upper scan 
Experiment FEA 
Upper scan, 
experimental MSD 
Frequency 
(Hz) 
Upper scan, 
Unit fixed UP MSD 
Frequency (Hz) &
% frequency 
change 
“Mode 1” 
360 500 (+28%) 
“Mode 2a” 
620 596 (–4%) 
“Mode 2b” 
1,111 1,173 (+5%) 
“Mode 3” 
1,678 1,689 (+1%) 
“Mode 5” 
3,858 
 
3,513 (–10%) 
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Table 5-9: Mode shape displacement – experiment and Unit fixed LOW, lower scan 
Experiment FEA 
Lower scan, 
experimental MSD 
Frequency 
(Hz) 
Lower scan, 
Unit fixed LOW MSD 
Frequency (Hz) &
% frequency 
change 
“Mode 1” 
490 503 (+3%) 
“Mode 2a” 
573 309 (–85%) 
 
“Mode 2b” 
1,176 1,115 (–5%) 
 
“Mode 3” 
1,688 1,693 (0.3%) 
 
“Mode 5b” 
3,590 4,040 (11%) 
 
“Mode 6” 
4,545 4,590 (1%) 
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5.3.3.4 Conclusions of modal frequency analysis 
A summary of the above findings are presented in Table 5-10 and Table 5-11. This made 
clear that where one model might yield very accurate results for the upper surface scan, the 
corresponding lower surface scan is not as accurate compared to other models – i.e. no one 
model provides the most accurate result for both upper and lower surface scans.  
The advantage of the Full no BC and Unit no BC models was that it was free from boundary 
conditions and thus only one model of each was required as upper and lower scan results can 
be extracted from the same dataset. Although Full fixed and Unit fixed models require separate 
solutions to model both the upper and lower surface scans, it was clearly observed in the 
MSD figures that the mode shape itself appeared more accurate with respect to the 
experimental test results of Section 5.2. This is supported in Table 5-10 by the accurate Mode 
1 prediction of the Full fixed UP model compared to the Full no BC model. Similarly, the Unit 
depth models were limited in that they could not model 3D twisting (see Unit fixed UP Mode 1 
of Table 5-10, compared to Full fixed UP Mode 1).  
In order to conclusively assess the validity of each model with respect to experimental results, 
the following section compares the MSDs of each numerical model to those of the 
experimental analysis for each mode shape. 
Table 5-10: Upper surface scan, modal frequency summary – experiment and FEA 
Experiment FEA 
Upper 
scan mode 
number 
Frequency 
(Hz) 
Full no BC and Unit no BC 
(Table 5-4) 
Full fixed UP 
(Table 5-6) 
Unit fixed UP  
(Table 5-8) 
1 360 503 (+29%) 341 (–5%) 500 (+28%) 
2a 620 633 (+2%) 562 (–10%) 596 (–4%) 
2b 1,111 1,202 (+8%) 1,099 (–1%) 1,173 (–5%) 
3 1,678 1,693 (+1%) 1,815 (+8%) 1,689 (+1%) 
5 3,858 3,642 (–6%) 3,932 (+2%) 3,513 (–10%) 
Average deviation from 
experiment 
9% 5% 10% 
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Table 5-11: Lower surface scan, modal frequency summary – experiment and FEA 
Experiment FEA 
Lower 
scan mode 
number 
Frequency 
(Hz) 
Full no BC and Unit no BC 
(Table 5-5) 
Full fixed LOW 
(Table 5-7) 
Unit fixed LOW  
(Table 5-9) 
1 490 503 (+3%) 421 (–16%) 503 (+3%) 
2a 573 633 (+9%) 356 (–61%) 309 (–85%) 
2b 1,176 1,202 (+2%) 1,119 (–5%) 1,115 (–5%) 
3 1,688 1,693 (+0.3%) 1,455 (–16%) 1,693 (+0.3%) 
5b 3,590 3,642 (+1%) 3,729 (+4%) 4,040 (+11%) 
6 4,545 4,591 (–1%) 4,211 (–8%) 4,590 (+1%) 
Average deviation from 
experiment (excluding 
Mode 2a, as indicated) 
1% 10% 4% 
5.3.3.5 Comparison of experimental and numerical MSD 
Section 5.3.3.1 through Section 5.3.3.3 quantitatively assessed the modal frequency for each 
MSD. In addition to modal frequency validation, a direct comparison of the MSDs between 
experiment and FEA is presented, and provided further insight into the accuracy of each FE 
model. The MSDs for all numerical models and the experimental MSDs are presented in 
Figure 5-29 through Figure 5-35. The magnitude of the experimentally measured MSDs was a 
function of the excitation magnitude and amplified setting, and as such the results of this 
section were normalised in order to allow for a direct comparison between experimental and 
numerical results. Note that all Unit depth models essentially represent the ‘centre scan’ 
indicated in Figure 5-3. A number of observations were made: 
• The FEA results of the upper surface MSD scans had more difficulty in accurately 
predicting the effects of the excitation point than the MSD results of the lower surface. 
This was due to the offset location of the excitation point on the lower surface of the T-
joint (relative to the centre of the joint), as compared to the excitation point at the centre 
of the joint on the upper surface. 
• All FEA was similar with few exceptions. However, some significant differences were 
noted between the Unit depth models and the Full depth models. The Full fixed appeared to 
 Chapter 5 – Mode Shape Analysis  
 205
be more accurate for the higher modes of the upper surface scan, however the Unit fixed  
models were more accurate for the majority of modes. 
• In both the upper and lower surface scans, the lower frequency MSDs (Modes 1 and 3) 
were more accurately predicted by the FEA models than any other mode. This indicated 
that these lower modes could be more reliably used when assessing the difference in MSC 
from undamaged-to-damaged structures, due to their similarity to experiment in terms of 
both modal frequency and MSD. 
• It was observed that the modal frequency of Mode 2a was not predicted well (refer Table 
5-11), and significant deviation from experimental MSD was also observed. Mode 2a was 
not reliably captured by the FE modelling, and was not a significant mode in experiment. 
It was also found that Mode 2a could not reliably predict damage using the MSC-
difference technique.  
• Similarly, the overestimation of the upper surface scan Mode 1 frequency of Table 5-12 
can be explained by the difference in Mode 1 MSD prediction of the numerical models 
compared to the experimentally measured MSD (Figure 5-33). 
The subsequent FEA damage parametric analyses relate undamaged-to-damaged MSCs 
within each FE model, and similarly within experiment: i.e. the undamaged MSC extracted 
from a numerical model is only valid for the damaged MSC generated from the same model. 
Similarly an undamaged MSC measured from experiment can only be compared to damaged 
MSCs from experiment, and not FEA. This relative comparison of MSCs allows any 
numerical model to be applied in subsequent analyses, however this section made clear two 
major conclusions: 
1. The lower modes, specifically Modes 1, and 3, were most accurate with respect to 
experiment, and were thus applied in the subsequent numerical damage parametric study. 
2. Of the three models numerical models assessed, the Unit fixed  models were found to be the 
most accurate in terms of both modal frequency and MSD when compared to 
experimental results. As such, this model was applied to the subsequent damage 
parametric study. 
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Figure 5-29: Lower surface scan, experimental and numerical MSDs, (left) Mode 1, (right) Mode 2a 
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Figure 5-30: Lower surface scan, experimental and numerical MSDs, (left) Mode 2b, (right) Mode 3 
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0
0.2
0.4
0.6
0.8
1
0 0.04 0.08 0.12 0.16 0.2
Scan Length (m)
N
or
m
al
is
ed
 M
S
D
Exp Unit_fixed
Lower Scan, Mode 5b
0
0.2
0.4
0.6
0.8
1
0 0.04 0.08 0.12 0.16 0.2
Scan Length (m)
N
or
m
al
is
ed
 M
S
D
Exp Unit_no BC Full_f ixed Unit_fixed
 
Figure 5-31: Lower surface scan, experimental and numerical MSDs, (left) Mode 5a, (right) Mode 5b 
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Lower Scan, Mode 6
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Figure 5-32: Lower surface scan, experimental and numerical MSDs, Mode 6 
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Figure 5-33: Upper surface scan, experimental and numerical MSDs, (left) Mode 1, (right) Mode 2a 
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Figure 5-34: Upper surface scan, experimental and numerical MSDs, (left) Mode 2b, (right) Mode 3 
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Figure 5-35: Upper surface scan, experimental and numerical MSDs, Mode 5 
5.3.4 Comparison of experimental and numerical MSC-difference 
results 
The numerical T-joint models successfully detected delamination and porosity presence, as 
well as indicating their location in a manner similar to that found in experiment (Section 
5.2.8). Typically the lower frequency modes, especially Mode 1, were observed to be 
consistently more accurate than the higher frequency modes, as supported by the evidence in 
the model validation above. As mentioned in Section 5.3.3.5, all FEA models were very 
similar in their prediction of modal frequency and MSD. This was also observed within the 
MSC-difference figures for the Unit no BC, Full fixed, and Unit fixed models, however the focus of 
this section is on the validation of the Unit fixed model. The numerical MSC-difference results 
for delamination mirrored those of experiment (Figure 5-36 and Figure 5-37) where most 
modes above Mode 1 showed multiple peaks across the damage region, typically marking the 
beginning and end of the damage region. Mode 1 typically featured a single peak across the 
damage region. 
As mentioned, the magnitude of the MSC-difference curves can represent the severity of the 
damage in terms of the change in out-of-plane stiffness. The MSC-difference magnitude 
changes from one Mode to the next (typically increasing with higher modes), however it is 
also a function of the magnitude of the input excitation. As such, there is a difference between 
the FEA MSC-difference curves and the experimentally measured and calculated MSC-
difference curves since the FEA was defined as a unit sinusoidal input, whereas the 
experimental sinusoidal input was a function of the SLV software and amplifier settings. 
However, a much smaller MSC-difference magnitude was consistently found for all porosity 
results relative to the delamination results for similar datasets. 
When using MSC-difference magnitude as a measure of damage severity, the same excitation 
input magnitude must be applied to all test specimens. Thus in this case, the MSC-difference 
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magnitude can be assessed within all FEA results, and within all experimental results, but 
these two data sets cannot be compared directly in terms of assessing damage severity. The 
numerical MSC-difference magnitude of the delamination results was further reduced with 
respect to the values of experiment due to the delamination modelling issue described in 
Section 3.2.6. This does not affect the results when comparing one FE model to another FE 
model, as the modelling techniques are the same. 
  
Figure 5-36: MSC-difference, delamination, lower surface scan, Mode 1 (left) experiment, (right) FEA 
  
Figure 5-37: MSC-difference, delamination, lower surface scan, Mode 3, (left) experiment, (right) FEA 
The numerical porosity MSC-difference results also mirrored the results of experiment by 
predominantly predicting porosity location as a peak at the end of, or after the damage region 
(Figure 5-38 and Figure 5-39). Despite the lower modes typically providing more accurate 
damage location, the higher modes yielded larger 2nd derivative magnitudes, which in practice 
would allow a more measurable result. This suggests that it may be useful to consider more 
than just the first mode, particularly when the damage is very small.  
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Figure 5-38: MSC-difference, porosity, lower surface scan, Mode 1, (left) experiment, (right) FEA 
  
Figure 5-39: MSC-difference, porosity, lower surface scan, Mode 3, (left) experiment, (right) FEA 
5.4 NUMERICAL DAMAGE ANALYSIS 
The damage detection analysis using the MSC-difference technique was extended to include 
small, enclosed delamination and porosity damages along the skin/stiffener bond-line, and in 
the centre fillet region of the T-joint, as well as varying the boundary conditions and 
excitation location. This provided a comprehensive assessment of the suitability and 
application of the MSC-difference technique in a structural proof testing methodology. A 
number of parameters were first assessed to determine their influence on the MSC-difference 
figures, including monitoring modal frequency, mode shape selection, boundary conditions 
and excitation location. Following this analysis, the detection of delamination and porosity 
throughout the T-joint using the MSC-difference technique is presented. 
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5.4.1 Modelling damage in the FE T-joint 
Section 5.3 validated a number of models, and found that the Unit fixed UP and Unit fixed LOW 
models were most accurate with respect to experiment. As such they are employed within the 
following study to assess the detectability of various damages throughout the T-joint. A 
number of damage cases were investigated are presented in Figure 5-40 and Figure 5-41 (note 
that the “fixed” boundary condition refers to the excitation restraint outlined in Section 
5.3.3.3): 
• Flange Edge Delamination: Delamination in skin/stiffener bond-line, per experiment 
damage region (refer Figure 5-1 and Figure 5-2). 
• Flange Edge Porosity: Porosity in skin/stiffener bond-line, per experiment damage region. 
Porosity was modelled as a 10% reduction in all stiffness properties (Table 5-12), which 
was an arbitrary figure. However, it represents a small passive damage, i.e. ‘worst case 
scenario’. 
• Enclosed Delamination: Enclosed, small length delamination at the centre of the 
experiment damage region. 
o Enclosed Clamped Delamination: As above, and with clamped boundary conditions 
on the far left and right edges of the skin. 
• Enclosed Porosity: Enclosed, small length porosity at the centre of the experiment damage 
region. 
o Enclosed Clamped Delamination: As above, and with clamped boundary conditions 
on the far left and right edges of the skin.  
• Fillet Boundary Delamination: Enclosed delamination at centre fillet region of joint. 
• Fillet Boundary Porosity: Enclosed porosity at centre fillet region of joint. 
• Fillet Internal Porosity: Porosity is introduced to the entire central fillet region. 
The associated undamaged MSDs for all modal frequencies for the damage cases are 
presented in Appendix 3.2. 
Difficulties were encountered when using gap elements to model delamination and contact 
between plies in frequency response analysis. Within in Nastran frequency response analysis 
(SOL 111), gap elements act only as simple linear springs, and thus not representative of real 
contact. As 3D body to body contact is not supported in NX Nastran, it was decided to model 
the delaminations as the ‘worst case scenario’ by defining unconnected coincident nodes 
along the length of the delamination, which in turn allowed some penetration. This was 
deemed acceptable as the modelled damage represented the severe case in contrast to 
porosity, and allowed a qualitative comparison with experimental results. 
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Figure 5-40: Flange Edge (delamination and porosity) damage location and boundary conditions 
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Figure 5-41: Enclosed, Enclosed Clamped, Fillet Boundary and Fillet Internal (delamination and 
porosity) damage locations and boundary conditions 
 
Table 5-12: Reduced stiffness properties for modelling porosity 
Properties 0% Porosity 10% Porosity 
E11 ,  E22 11,800 MPa 10,620 MPa 
E33 118,000 MPa 106,200 MPa 
G12 2713.3 MPa 2442 MPa 
G23 ,  G31 4070 MPa 3663 MPa 
ρ 1.0 g/cm3 0.9 g/cm3 
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The Flange Edge damage cases were designed to mimic the experiment, while the Enclosed, 
Fillet Boundary and Boundary Internal damage cases extended the parametric study in place 
of further experiment. An additional boundary condition was explored in the Enclosed 
Clamped damage case, which required recalculation of the MSDs and modal frequencies – 
presented in Table 5-13. All other damage cases used the undamaged MSDs of Section 
5.3.3.3. 
Table 5-13: Undamaged MSD and modal frequencies for the boundary condition of Enclosed Clamped 
Mode 
No. 
Upper scan MSD 
Frequency 
(Hz) 
Lower scan MSD 
Frequency 
(Hz) 
1 
 
 
298 
 
262 
2 
 
494 
 
1,034 
3 
 
1,237 
 
1,719 
4 
 
1,850 
 
3,987 
5 
 
3,748 
 
4,587 
6 
 
4,488 n/a 
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5.4.2 FE model parameters affecting MSC-difference results 
Prior to analyses of the MSC-difference figures for each damage type and location, the 
parameters that directly affect the MSC-difference figures in terms of detecting damage 
presence, location, and reliability of detection were investigated as follows: 
1. Monitoring modal frequency shift as a means of damage detection 
2. Selection of best mode shapes 
3. Effect of clamped boundary conditions 
4. Effect of excitation location 
5.4.2.1 Changes in modal frequency 
A simple method of damage detection is that of ‘frequency response’ which simply monitors 
the shift in frequency peak for a particular mode. This technique has been shown to be 
effective for detecting large global damage, although localisation is not possible [69, 70]. The 
scatter of the experimental results for the undamaged, delamination and porosity specimens is 
presented in Figure 5-8 and Figure 5-9. It was noted in this case that the modal frequencies for 
the delamination damage were consistently reduced relative to that of the undamaged 
specimen however this result was not statistically significant for two reasons. Firstly the 
experimental scatter negated the successful detection of damage, and secondly the 
experimental scatter increased as the modal frequencies increased. The issue in practice is the 
difficulty associated with keeping the boundary conditions exactly the same between 
specimens in order to successfully measure the small reductions in modal frequency, 
particularly for the lower modes. Furthermore, when considering reductions in the higher 
modal frequencies the amount of experimental scatter and noise increases and obscures the 
results. It was also clearly observed that there was negligible difference in modal frequency 
between undamaged and porosity specimens. 
The modal frequencies extracted from the Unit fixed damage cases were compared to those of 
the corresponding undamaged case (refer Appendix 3.1). This confirmed that the porosity 
frequencies changed from 0–10 Hz, and only the largest of the delamination damages (Flange 
Edge and Fillet Boundary) would cause a statistically significant change in modal frequency. 
For example, ideal FEA conditions show that the Flange Edge delamination damage under a 
lower surface scan would decrease the frequency of Mode 5b by 179 Hz. However, within 
experiment the experimental scatter for this damage type is >250 Hz. This demonstrated that 
monitoring modal frequency is not useful in the detection of damages within a composite T-
joint.  
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5.4.2.2 Effect of modal frequency selection for MSC-difference analysis 
It was found that Mode 1 was the most reliable modal frequency to use for MSC-difference 
calculations as it consistently indicated damage presence and location as a large peak in the 
immediate vicinity of the damage region. The literature review stated [165] that a peak should 
exist at the beginning and end of a damage region, although depending on the size and 
location of the damage this did not always occur. Often, and particularly in the case of the 
porosity models, the peaks would occur after the damage region with respect to the centre of 
the joint (refer to the figures of Section 5.3.4). Mode 3 was similarly accurate, compared to 
the other modal frequencies, and confirmed the observations of Section 5.3. Figure 5-42 
presents an example of porosity detection in the Fillet Boundary region, where Modes 1 and 3 
provide the most accurate estimate of damage location. 
Within the MSC-difference results it was observed that results from both upper and lower 
surface scans were similar, thus either side of the specimen could be used to assess internal 
damage. This is advantageous in structural proof testing as it eliminates the need to scan a 
structure from both sides. 
 
Figure 5-42: Fillet Boundary Porosity, upper scan, mode 1 and 3 successful detection 
5.4.2.3 Sensitivity of MSC-difference technique to boundary conditions 
In order to assess the effects of boundary conditions on the MSC-difference figures, the 
Enclosed Clamped damage case introduced clamped boundary conditions at the extremities of 
the T-joint (Figure 5-41). This typically resulted in damping the MSC-difference magnitudes 
outside of the damage area, particularly towards the clamped areas. As such detection of 
damage near to boundary conditions such as these would not be possible. The detectability of 
porosity was not improved, and more often than not the localisation of porosity was 
significantly obscured. The MSC-magnitude was also significantly reduced (Figure 5-43). 
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However, in the case of the delamination, the damping of the MSC-difference near to the 
edges of the joint resulted in a gradual, but accurate increase in MSC-difference magnitude 
indicating damage location (Figure 5-43). 
  
Figure 5-43: Enclosed Clamped, (left) porosity, lower scan, successful detection from mode 1 only, 
(right) delamination, lower scan, all modes successful detection 
5.4.2.4 Alternative excitation locations 
It was observed that the excitation location applied separately to the top of the T-joint and on 
the bottom of the T-joint within experiment induced different mode shapes. Although the 
majority of mode shapes were common to the results applied from the two excitation 
locations, some mode shapes were observed to be unique to a particular excitation location, 
with respect to the different surfaces of the structure.  
The purpose of the investigation was twofold: (i) determine the sensitivity of the MSC-
differences curves to alternative excitation locations on a single surface of the T-joint, and (ii) 
assess the effect of the excitation location on the major MSC-peaks of the porosity results. 
Within the porosity MSC-difference results, the damage location consistently appeared to the 
right of the damage region with respect to the centre of the stiffener. This was deemed to be 
the result of one of two aspects: (1) the excitation location – although it had been applied to 
two points on the T-joint, it was always placed to the left of the damage region, or (2) the 
geometry and inherent stiffness of the structure affected the MSC-difference curve for the 
low-severity damage case. Five excitation locations were applied to the lower surface of the 
Flange Edge and Fillet Boundary porosity damage cases (see Figure 5-44). The Unit fixed LOW 
model was used to extract the MSC-difference results for each excitation location based on 
Mode 1, for which the MSC-difference results are presented in Figure 5-45 and Figure 5-46.  
The results demonstrated that the numerical model predicted no significant change in MSC-
difference results for alternative excitation locations along a single surface. This result 
suggests that the MSC-difference peak offset to the damage location is a result of the T-joint 
geometry/stiffness (i.e. stiffest at the centre of the joint). The T-joint stiffness was observed to 
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affect low-severity damages (e.g. porosity) more significantly than high-severity damages 
(e.g. delamination) throughout the investigation. This finding was evidenced by the drop in 
drop in MSC-difference magnitude at the centre of the joint around 0.1 mm path length in 
Figure 5-45. Similar observations were made in many other MSC-difference results. The 
insensitivity of the MSC-difference curves to excitation location indicates that the damage 
monitoring technique is somewhat robust against the input, which in practice is a significant 
advantage. 
Left 1
Flange Edge
Left 2 Centre Right 1 Right 2
Five excitation locations
Fillet Boundary
 
Figure 5-44: Excitation location parametric study 
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Figure 5-45: Flange Edge Porosity, mode 1, five alternative excitation points 
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Figure 5-46: Fillet Boundary Porosity, mode 1, five alternative excitation points 
5.4.3 Damage detection using the MSC-difference technique 
The damage cases described in Section 5.4.1 were evaluated using the MSC-difference 
technique to establish damage presence, location and severity. It was observed that positive 
damage detection in the MSC-difference figures occurred in a number of ways:  
1. A peak at the beginning and end of the damage region. This typically occurred for the 
delamination case, but not for all cases or modes. 
2. Similar to (1), except that the two peaks were displaced – usually further away from the 
point of excitation. 
3. A single peak across the entire damage region. 
4. Peaks after the damage region. This typically occurred for the porosity damage cases. 
5.4.3.1 Delamination damage 
The MSC-difference results for the Flange Edge and Enclosed Clamped delamination 
damages cases are covered in Section 5.3.4 and Section 5.4.2.3 respectively. This section 
investigates the detectability of delamination in the Enclosed, and Fillet Boundary damage 
areas (refer Figure 5-41). 
All MSC-difference delamination damage cases yielded clear indications of damage presence 
and location. The delamination damage MSC-difference magnitudes were notably larger than 
the corresponding porosity damage cases, indicating that for similar conditions the MSC-
difference can be used as an indicator of damage severity. The MSC-difference magnitude 
was similar to the findings above in that the magnitude was greater for Mode 3 than Mode 1 
Despite not clamping the edges of the structure (refer Section 5.4.2.3 Figure 5-43), positive 
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damage detection was still clearly achieved at both the Enclosed and Fillet Boundary damage 
regions (Figure 5-47). 
  
Figure 5-47: Modes 1 and 3 (left) Enclosed delamination, lower scan, (right) Fillet Boundary 
delamination, upper scan 
5.4.3.2 Porosity damage 
The MSC-difference results for the Flange Edge and Enclosed Clamped porosity damages 
cases are covered in Section 5.3.4 and Section 5.4.2.3 respectively. This section investigates 
the detectability of porosity in the Enclosed, Fillet Boundary and Fillet Internal damage areas 
(refer Figure 5-41). 
Porosity was significantly more difficult to detect in terms of MSC-difference magnitude and 
accuracy of detection in all modal frequencies. Modes 1 and 3 were again found to be the 
most successful modes for accurate damage detection. The MSC-difference peak indicating 
damage location was again offset to the right of the damage zone (relative to the centre of the 
joint) due to the stiffness of the central vertical ‘T’ (refer Section 5.4.2.4). This effect is 
clearly demonstrated by the accurate location detection of porosity at the Fillet Boundary 
location (Figure 5-49) compared to the inaccurate indication of damage location at the 
Enclosed location (Figure 5-48). When applying this technique in practice for small damages 
(indicated by small MSC-difference magnitude), the beginning and end of the largest peaks 
should estimate the damage location, which although conservative, would be accurate.  
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Figure 5-48: Enclosed porosity, lower scan, (left) Mode 1, (right) Mode 3 
  
Figure 5-49: Fillet Boundary porosity, Modes 1 and 3, (left) lower scan, (right) upper scan 
All of the above FE modelled damage cases have been placed between the 90° plies (Flange 
Edge, Enclosed, Enclosed Clamped and Fillet Boundary). The analysis was thus extended to 
include porosity damage – the worse case passive damage – within the central fillet region as 
this commonly occurs during manufacture of composite joints. The resulting MSC-difference 
curve for Mode 1 (Figure 5-50) shows that the porosity in the central fillet region is identified, 
however two significant false peaks are also present. Mode 3 (Figure 5-50) successfully 
predicts the damage location at the centre of the joint however the MSC-difference peaks 
gradually taper off on either side of the damage region. 
Although damage presence was successfully established, the damage location was ambiguous. 
Three factors contributed to this result: (1) the inherent stiffness of the structure at the centre 
of the joint, (2) the small, low-severity, passive nature of the damage, (3) the location of this 
damage within the stiffest part of the structure. The indications of damage location for both 
modes were considered: 
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• Mode 1 and 3: two significant peaks at the centre of the joint Æ correct damage location 
• Mode 1 and 3: two minor peaks to the left of the damage region Æ false detection 
• Mode 1: one significant peak to the right of the damage region Æ false detection 
  
Figure 5-50: Fillet Internal porosity, lower scan, (left) Mode 1, (right) Mode 3 
5.5 DISCUSSION AND CONCLUSION 
This chapter explored in depth the effect of FE mesh type, model type, boundary conditions, 
excitation locations and solver settings necessary to successfully predict the MSD and MSC 
of a T-joint. This was then followed by a damage study of delamination and porosity of 
different sizes and locations throughout the T-joint. It was found that although a modal 
analysis (Nastran SOL 103) was relatively easy to implement, the results from the analysis 
were, in general, not as consistently accurate as those from a frequency response analysis 
(Nastran SOL 111). 
The experimental results were used as means of validating an FE model, which could then be 
used to analyse the effect of a number of parameters on the MSC-difference curves and the 
detectability of various delamination and porosity damages throughout a composite T-joint. 
The experiment successfully detected delamination and porosity damage in the Flange Edge 
region, for which the primary observations were also found throughout the numerical 
analysis: Mode 1 and Mode 3 were the most reliable modes in terms of accurate damage 
detection, the magnitude of the MSC-difference figure indicated the severity of the damage, 
and delamination damage was more clearly located compared to porosity damage. These 
observations are discussed further with respect to the numerical results. 
No single FE model (Unit no BC, Full no BC, Unit fixed, or Full fixed) was found to be consistently 
more accurate than any other model across all modal frequencies and all MSDs with respect 
to the experimental results. However the Unit fixed model was selected to be used in the 
parametric damage analysis as it was accurate across most modal frequencies and MSDs, 
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accurately predicted the effects of the experimental excitation location, and required a 
relatively small time to solve. 
Table 5-14 presents a summary of the ability of the MSC-difference technique to detect the 
various damages listed in Section 5.4.1 within a T-joint, and states which modes most 
successful in terms of accurately indicating damage location. In this table ‘single peak’ refer 
to a single large peak in the MSC-difference figure across the damage region, and ‘double 
peaks’ refer to two significant peaks next to each other in the area of the damage region, as 
indicated. 
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Table 5-14: Summary of detectability of damages within a T-joint 
Damage case Detection? Determine approximate location? 
Flange Edge 
Delamination 
Yes 
Lower modes 
Yes – correct 
Single & double peaks 
Upper scan most accurate for Full depth model 
Flange Edge 
Porosity 
Yes 
Lower modes 
Yes – slight offset location 
Single peak, detection shifted towards end of region 
Enclosed 
Delamination 
Yes 
All modes 
Yes – longer damage length 
Double peaks, beginning correct, end overestimated 
Enclosed 
Porosity 
Yes 
Lower modes 
Yes – offset location 
Single peak, detection shifted significantly towards 
end of region 
Enclosed  
Clamped  
Delamination 
Yes 
Most modes 
Yes – longer damage length 
Double peaks, beginning correct, end overestimated 
Upper scan overestimated both beginning and end 
(i.e. damage length predicted long than actual) 
Enclosed  
Clamped  
Porosity 
Yes 
All modes 
Yes – offset, predict longer damage length 
Multiple peaks, detection shifted significantly 
towards end of region, end overestimated  
Fillet 
Boundary 
Delamination 
Yes 
Lower modes 
Yes 
Single peak 
Fillet  
Boundary 
Porosity 
Yes 
Lower modes 
Yes – offset 
Mode 1 most accurate, higher modes include 
secondary false detection peak towards end of T-joint
Fillet Internal 
Porosity 
Yes 
Lower modes 
Yes – multiple locations 
Both Mode 1 and 3 required to narrow down damage 
location, false detection present. 
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Following examination of the MSC-difference results for all modes analysed and both upper 
and lower surface scans of the porosity and delamination damage cases, a number of 
observations were made with respect to the use of the MSC-difference technique as a non-
destructive damage detection method within a proof testing methodology: 
1. Alternative excitation locations: 
• The excitation locations on the upper and lower surfaces induced slightly different 
mode shapes from the structure due to the boundary condition associated with the 
point of application. 
• However, the excitation location on a single surface of the structure does not 
significantly affect the resulting MSC-difference curves, apart from a slight change in 
MSC-difference magnitude. 
2. Alternative scan lines: 
• The edge scan and centre scan were determined not to be critical parameters, as both 
scans provided successful Flange Edge delamination and porosity damage detection, 
however it was noted that the edge scan would often contain smaller peaks around the 
excitation location as compared to the centre scan. However as this did not 
significantly adversely affect the MSC-difference results a unit depth model was 
subsequently investigated in the numerical analysis. 
3. Boundary conditions: 
• A freely vibrating structure (with the exception of boundary conditions at the point of 
excitation) was found to provide more reliable MSC-difference results, as boundary 
conditions such as those imposed in Section 5.4.2.3 were found to restrict the 
vibrations within the structure, decreasing the MSC-difference magnitude. In practice 
clamped boundary conditions would not allow damage detection near to the clamps. 
4. Mode selection: 
• Modes 1 and 3 were the most consistent and reliable modes in terms of damage 
detection within the composite T-joint, and can be used together to reliably determine 
damage presence and location. 
• To simplify the MSC-difference technique as a form of NDT, only the first two to 
three modes should be used. Higher modes were not found to be reliable, and when 
they were accurate, the lower modes within the same data set were usually sufficient 
to indicate damage location. 
• In the case of low severity damages, higher modes yielded a more measurable change 
within the MSC-difference graphs in terms of the magnitude of the peaks. 
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• Higher modes yielded a more measurable MSC-difference response in terms of MSC-
difference magnitude, however were less reliable in terms of indicating the correct 
damage location and damage size. 
5. Delamination damage: 
• Delamination damage was more accurately and reliably detected and localised 
compared to porosity damage in terms of peak location and peak magnitude. 
Delamination also typically featured narrower peaks that better represented the 
delamination length. 
• The delamination damage was considered to be more severe than the porosity damage 
as it is a complete disbond. This was reflected in the magnitude of the peaks of the 
MSC-difference figures for each mode analysed. 
6. Porosity damage: 
• Porosity damage location was generally indicated by large MSC peaks in the middle 
of, or after the actual damage region (relative to the centre of the joint). This occurred 
in both the numerical and experimental results. 
• In the case of low-severity damage such as porosity, it was found that the stiffness of 
the structure affected the location of the MSC-difference peaks. In the case of all of 
the porosity damage case (with the exception of Fillet Internal Porosity), the location 
peak was shifted to the right of the damage region as a result of the high stiffness of 
the centre of the structure. This was confirmed in Section 5.4.2.4 and Section 5.4.2.4. 
7. Assessing damage severity: 
• MSC-difference peak location, peak width and peak magnitude can be used to 
indicate: (1) damage presence, (2) damage location, and (3) damage severity.  
• Although ‘damage severity’ is a qualitative measure, this type of measure is 
acceptable within a structural proof testing methodology as the distinction between 
damages such as delamination and porosity are significant. Furthermore, the MSC-
difference technique can be applied prior to or after proof testing (refer also Chapter 6) 
to quantify the damage in the structure, however it is the dimensional and acoustic 
response of the structure during proof loading that provides the fundamental pass/fail 
criteria of each part. As such, absolute quantification of damage type and location is 
not necessary within a structural proof testing methodology; a primary advantage of 
the methodology. 
• It was observed that the magnitude of the MSC-difference peaks was indicative of 
damage severity for constant excitation conditions and boundary conditions. The 
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severity of the damage was also observed to have an effect on the width of the peaks – 
the more narrow a peak, the more severe the damage. 
8. Accuracy of damage location: 
• All delamination damages cases were more accurately localised than the 
corresponding porosity damage cases. Delamination was typically detected accurately 
along the entire the damage region, as indicated by MSC-difference peak locations. 
The beginnings of the delamination damage regions with respect to the centre of the 
T-joint were generally correct however the ends of the damage regions were slightly 
overestimated. 
• Porosity was typically detected at the end of, or after the damage region, and the 
length of the damage was overestimated. The ends of the porosity damage regions 
with respect to the centre of the T-joint were significantly overestimated. 
• Defect identification was sometimes found to be subjective in terms of identifying 
significant peaks, and future work would be focussed on defining a more quantitative 
approach for determining defect presence and location. However, most results 
indicated a clear distinction between insignificant and significant peaks. 
Absolute quantification of damage characterisation and damage location from the MSC-
difference technique is not necessary as part of a proof testing philosophy (outlined in Chapter 
2). Instead, an assessment of damage location and severity can be used to compliment 
acoustic emission monitoring and surface strain monitoring in a proof testing scenario as a 
means of certifying structural integrity. The MSC-difference technique has been shown in this 
chapter to be able to fill the gap in damage detection where AE, surface strain monitoring, and 
conventional NDI fail: the detection of small and passive damages in difficult to inspect 
regions of a stiffened panel.  
This Chapter has made a number of original contributions to the existing body of knowledge: 
• Application of the MSC-difference technique to detecting damage in joints as a means of 
supporting a novel structural proof testing methodology. 
• Development of the MSC-difference technique to not only detect damage, but also to 
determine damage location and assess damage severity. 
• Application of the MSC-difference technique to detecting small, passive damages such as 
porosity in complex and difficult to inspect regions. 
• Development of appropriate FE modelling techniques for parametric studies. 
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6.1 MAJOR CONCLUSIONS 
6.1.1 Summary of Findings 
This PhD project has developed the theoretical basis required to form a structural proof 
testing methodology for composite aerostructures. No literature has been published 
specifically on the subject of PT as a means of non-destructive testing to support certification 
of aircraft composite structures. Through an extensive review of the scientific literature, the 
primary means of monitoring and detecting defects were established in terms of their 
applicability to both a proof testing philosophy and methodology. Each chapter within the 
thesis has detailed conclusions for each of these aspects, and as such a brief summary of the 
key findings and achievements are presented here. 
An extensive literature review in Chapter 2 covered the areas of structural proof testing, 
defects detection in composites, non-destructive testing, and industry standards and 
regulations, with respect to introduction of a novel PT methodology to support certification of 
aircraft composite structures. It was established that detecting large, active damages can be 
achieved using current, well established non-destructive testing techniques such as acoustic 
emission monitoring and monitoring surface dimensional response, however the applicability 
of these techniques to small, passive damages has not yet been established in detail. The 
literature review revealed that acoustic emission monitoring in conjunction with proof loading 
could successfully detect most defects, and provide a means of residual strength and life 
prediction, without the need for an extensive database of experimental testing. Furthermore, it 
was established that absolute characterisation of damages is not required within a proof 
testing philosophy, as it focuses on assessing defect severity and verifying structural integrity 
under proof loads, rather than focusing on absolute characterisation. This is a significant 
change from passive conventional NDI, which gives no real indication of structural 
mechanical response in the presence of defects. 
The literature review also focussed on delamination and porosity in the context of defect 
monitoring techniques to accompany proof testing. Acoustic emission monitoring, external 
displacement and strain monitoring, and vibrational response were reviewed in terms of their 
capabilities and limitations to detect, locate, and assess these defects. AE and similar 
techniques were found to be well-established techniques that can provide the necessary 
detection capabilities required during proof loading for active damages, however stiffness-
based NDT techniques such as dimensional and vibrational response have not yet been 
applied in detail to damage in joints, particularly small damages in complex, difficult to 
inspect regions. It was determined that with the appropriate application of these techniques 
within a PT methodology, a comprehensive picture of the defects within a structure, including 
residual structural mechanical properties, can be successfully established. 
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A stiffened carbon/epoxy panel structure common to aerospace structures and susceptible to 
manufacturing defects was employed as the case study throughout the thesis. Both two-
dimensional and three-dimensional finite element T-joint models were developed, and a range 
of damage types, sizes and locations was introduced into the joint. It was found that 
displacement monitoring yielded minimal indication of damage and provide only global 
indications of defects. Strain monitoring was found to successfully detect and local damage, 
however the central fillet region was modelled as a resin-filled region, and modelling porosity 
as a low-modulus defect within the low-modulus resin did not induce significant change in 
external strain. Similarly, a basic modal analysis found that damages explored in this section 
did not significantly affect the modal frequencies. 
Chapter 4 extended the analysis of the previous section by using an experimentally validated 
FE T-joint model with a 0° carbon/epoxy noodle fillet region in place of a resin region. The 
research presented in this chapter explored the most suitable load types required during a 
proof test in terms of highlighting defect presence, and found that multiple load types can also 
be used to avoid false detection. Furthermore, detailed analysis of changes in undamaged-to-
damaged strain maps found that all delamination cases studied were detectable, however only 
the largest porosity cases were detectable and this was not always reliable. It was found that 
although there was significant change in internal strain for the porosity cases, the defect was 
sufficiently far from the surface of the T-joint that it did not significantly change the external 
strain map. The minimum detectable damage along the skin / stiffener bond-line, as well as 
damage within the central fillet region was successfully established. 
Following on from the previous chapter was the MSC-difference technique presented in 
Chapter 5, which provides a means of damage detection through comparison of undamaged-
to-damaged mode shape curvature. This technique was found to be similar to the strain 
monitoring of Chapter 4 in terms of methodology, with the advantage that the MSC-technique 
is more sensitive to changes in internal strain. It was found both experimentally and 
numerically that the lower frequency modes provided the most reliable MSC-difference 
results with respect to accurate damage detection, location and assessment of severity. An 
experimentally validated FE T-joint was constructed, and used to extend the experimental 
work to successfully detect and locate both delamination and porosity of various sizes 
throughout the T-joint. It was found the shape, number and magnitude of MSC-difference 
peaks indicating local damage presence also provided a measure of damage severity, however 
the indicated location of the smallest damages were not always reliable. Despite this, the 
MSC-difference technique fits within a proof testing philosophy and methodology in that the 
technique would be first applied to detect damage location and severity, following which the 
indicated damage area would be monitored for change during proof loading, and thus 
structural integrity in the presence of damage successfully assessed. This chapter successfully 
demonstrated the ability to detect small and passive damages in complex structures, such as in 
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the centre fillet region of composite T-joints for which the ability to detect small and passive 
damages in this area has not yet been achieved in the current body of literature. 
6.1.2 Further Research Work 
As a consequence of the scope of this thesis, a number of key areas for further research have 
been identified, including consolidating the limitations and methodology of the MSC-
difference technique, and implementation of a structural proof testing methodology as a 
whole. Although experimentally validated FE models have been used throughout the thesis, 
further experimental work with respect to the magnitudes and types of loads on structures 
under proof loads can be investigated. For example, it was reported that the order of load 
application has an effect on the residual mechanical properties, however whether this holds 
true in a proof testing scenario has not yet been established. Similarly, experimental work into 
establishing the residual strength and life based on the literature review has yet to be 
performed. 
Another area of further research is to experimentally investigate the effect of damage within 
the central fillet region of a T-joint on the MSC-difference curves, specifically the minimum 
detectable damage under practical test conditions. This was studied using numerical methods 
in Chapter 5, and the results indicate that previously undetectable damage can in fact be 
detected using this technique. Similarly, the numerical model could be improved in terms of 
accurately modelling porosity, and validated though an experimental program. Further 
research could also be performed to investigate the effect of component thickness and 
geometry on the detectability of damage, and the detectability of multiple damage types in a 
single T-joint. Similarly, a greater range of manufacturing anomalies and complex structure 
types could be studied using the established techniques, as the concepts have been shown to 
be feasible within the current study, both at centre of a T-joint and along the flat surfaces of 
the skin/stiffener interface. 
Once the above has been achieved, the proof testing concept can be extended to a large 
stiffened panel with multiple stiffeners with multiple damage locations and types. The 
research has suggested that the damage monitoring and detection techniques can be easily 
adapted to suit a large, three-dimensional structure, for which automation of the techniques 
would be required. Furthermore, a technique such as the MSC-technique could be applied to 
large assemblies and complete structures by locally exciting the structure and measuring the 
local response. Thus the methodologies and techniques involved with structural proof testing 
can be extended beyond initial certification of aerostructures, and be applied during the 
through-life support phase. Yet another aspect to be considered is how the results of proof 
testing can be relayed to the Materials Review Board, and how this can enhance their ability 
to make decisions on rework, scrap and acceptance of composite aerostructures. 
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Proof testing not only has the potential to be used as a means of assessing structural integrity 
for certification purposes, but could also be considered as part of an on-going through-life 
support program of aircraft due to the similarities it shares with structural health monitoring. 
This may be as simple as integrating sensors used during PT (such as AE sensors) into the 
structural design either during or post-manufacture, such that they can then be used as part of 
through-life condition based monitoring. This reflects the philosophy of ‘structural health 
monitoring and damage prevention’, rather than ‘post-damage detection and repair’. 
6.1.3 Final Remarks 
This PhD work has attempted to bridge the gap between passive NDI, which provides 
complete characterisation of most damages within a structure, and prediction of the residual 
mechanical properties based on the condition of the structure. Where conventional NDI relies 
on corresponding numerical models to predict the mechanical properties of a structure, proof 
testing uses real, sub-limit loads to assess the mechanical response of the structure in which 
composite defects may be present. A novel PT methodology would certify structures based on 
their ability to carry the design loads, rather than utilise a feature based system that certifies 
structures according to damage content. This avoids unnecessary rejection of structures that 
can support the design loads. It is this change in non-destructive evaluation philosophy that 
presents the greatest challenge in terms of certifying the novel NDT technique. 
In terms of the findings and NDT methods discussed throughout this thesis, it is envisaged 
that a successful proof testing scenario would be performed as follows:  
• Within the study performed here, each NDT technique requires an undamaged baseline to 
enable the most accurate approach. Conventional ultrasonics would be used to identify an 
undamaged structure to be used as a baseline for subsequent strain monitoring and MSC 
comparison. Alternatively, a reliably accurate FE model can be used as the undamaged 
standard. However, it was observed in experiment that identifying unknown defects was 
possible upon comparing the undamaged-MSC of a single test piece to the undamaged-
MSC of all other test pieces. Hence, within a production environment manufacturing a 
significant number of components, and a reliable quality control process, outliers become 
obvious when comparing one structure against all others. 
• The MSC-technique would be first performed prior to the introduction of proof loads, 
since the excitation required does not cause additional damage of any kind. This technique 
would expose likely damage areas and provide an estimation of location and severity.  
• These areas would then be more closely monitored using AE sensors to detect and 
characterise any significant propagation of flaws during proof loading. 
• Similarly the external strain in the indicated damage areas can also be mapped during 
loading. While AE can pinpoint the location of active, propagating damages, surface 
 Chapter 6 – Conclusion 
 232
strain monitoring could be used post-proof test to verify damage locations, however 
surface strain mapping was found to be limited in defect detection with respect to defect 
size, depth and location within a structure. 
• Furthermore acousto-ultrasonics, an extension of AE, could be used in specific areas post-
proof test to provide further validation and quantification of damage types.  
While these techniques are aimed at providing as detailed characterisation as possible, 
ultimately it is the assessment of structural integrity under proof loads that will provide the 
pass / fail criteria for the structure. An additional benefit of proof testing based on strain 
measurements is to provide additional information regarding structure strain in the presence 
of detected defects/damages. Since stress analysis is typically based on strain allowables, this 
new data could potentially provide a means of increasing design allowables and promote 
design of more weight efficient structures. 
No single NDT technique can detect and quantify all damages to a high degree, and proof 
testing is a means of assessing structural integrity in the presence of manufacturing defects or 
in-service damage. In this way, proof testing can become a more robust and representative 
non-destructive test in terms of the certification and assessment. As mentioned, proof testing 
can then be incorporated into a through-life condition based maintenance support system of 
aircraft composite structures, using the technologies shared by proof testing and structural 
health monitoring. 
To provide a more complete conclusion to this PhD thesis, the following section provides a 
discussion of the considerations and requirements necessary when certifying a novel 
structural proof testing methodology as a means of non-destructively testing composite 
aerostructures in accordance with aviation regulators; proof testing is a means of bridging the 
gap between the limitations of NDI and the requirements of certification. 
6.2 INDUSTRY STANDARDS & REGULATIONS FOR 
STRUCTURAL PROOF TESTING 
6.2.1 Introduction 
Codes, standards, specifications and procedures are created by professional bodies, 
government agencies, as well as self-regulation by industry, in order to provide a means of 
safety, reliability and quality assurance in all aspects of manufacturing and construction, and 
in this case, non-destructive evaluation of aerospace composite structures. In order to 
introduce a novel structural proof testing methodology, a Method of Compliance needs to be 
first established with regulatory bodies such as the Federal Aviation Administration (FAA), 
the Civil Aviation Safety Authority (CASA), or the European Aviation Safety Agency 
(EASA). Furthermore, considering the technical issues involved in the proof testing 
methodology, there are several governing bodies that regulate how best to perform certain 
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tests, such as the International Organisation for Standardisation (ISO), American Society of 
Testing and Materials (ASTM), British Standards (BS), European Standards (ES), American 
Society of Mechanical Engineers (ASME), Committee on AE from Reinforced Plastics 
(CARP), Division of Technical Council of The American Society for NDT, and others. In 
order to efficiently and effectively introduce a novel NDT concept there are many issues to 
consider, however there also exists many precedents for addressing and successfully 
implementing each issue.  
Submission of a novel NDT proposal to regulatory bodies would need to include 
consideration of some or all of the following aspects: structure manufacturing history, 
intended use of structure (including loads and environment), discontinuities to be detected and 
characterised,  acceptance levels, how the structure is to be tested, scope of testing, equipment 
and calibration, adequacy of the testing technical basis (references to published tests, or 
documented validation by laboratory methods), reliability of test results, and a method of 
compliance in relation to identified regulations, standards and quality assurances guidelines / 
rules [87]. 
6.2.2 Establishing a regulatory framework for structural proof 
testing 
It has been a long standing viewpoint that accurate information regarding location, size, shape 
and orientation for all existing flaws in a structure are necessary to ensure confident, justified 
decisions regarding pass / fail criterion, as well as subsequent corrective action where 
appropriate. Ideally, structural proof testing would involve a one-off inspection test for 
acceptance of structures, however current NDI standards typically require identification of all 
defects in the absence of physical load testing. In the case of a proof testing methodology, 
identification of all flaws is not necessary, but rather the structural integrity in the presence of 
detected and undetected damage provides the criteria to satisfy certification. 
In order to establish the regulatory framework behind structural proof testing, it would be 
expected that the current framework (including pass/fail criteria) behind current NDT 
approach is first defined. Similarly, the defects that can be detected, must be detected, and 
cannot be detected using conventional methods, as well as their corresponding regulations / 
standards needs to be established prior to approaching regulators. In this way the challenges 
of certification will become apparent. The nature of structural proof testing suggests that 
certification will require a significant number of destructive tests to validate the methodology, 
and as such will most likely require extensive time and cost to implement. However, the 
overall aim of the methodology is to provide accurate estimates of structural integrity, 
residual strength, residual life, and thereby reduce both the costs of initial NDT as well as 
through-life inspection costs. It is expected that proof testing will become extended to include 
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a subsequent through-life structural health monitoring system, as they both share a similar 
methodology and philosophy. 
A number of questions need to be addressed when certifying PT as a NDT technique, which 
will include: 
1. Which flaws need to be identified regardless of NDT method? Given PT will include 
proof of strength, can some flaws that affect strength now be ignored? 
2. What flaw types are required to be detected, not required to be detected, can be detected, 
and cannot be detected? What are the current pass/fail criteria for various defects? To 
what degree of accuracy does each flaw need to be identified (size, location, orientation, 
shape, etc.)? 
3. How and to what extent does process variation during manufacture affect the structure in 
terms of structural integrity and mechanical performance? How is this measured? What 
are the tolerances? What is acceptable? What is required to measure this? 
4. What NDT techniques are currently performed on aerospace structures? What are the 
exact time and cost required to completely NDT a given component / assembly? 
a. What measures are taken for the structural areas that cannot be easily inspected, if at 
all? 
b. What additional measures are taken for known critical structural joints, and areas of 
expected high stress / strain? 
5. When and what structures are physically tested in current aerospace industry practices? To 
what limits are they tested? 
6. Who do Quality Engineers answer to? (i.e. what standards and regulations are currently 
applicable). 
These questions will need to be addressed and amended as necessary to fit within a proof 
testing philosophy. It is expected that there will be significant resistance to replace ‘absolute 
quantification’ using passive conventional NDT techniques, with ‘damage severity 
assessment’ using active non-conventional NDT techniques. 
6.2.3 Acceptance standards 
Acceptance standards are a balance between standards that are too high and result in a high 
number of rejected parts requiring re-work or becoming scrap, and standards that are too low 
causing defective parts to fail in service [25, 211]. Introduction of a new structural proof 
testing methodology will require a new set of accompanying acceptance criteria, which will 
be based on the level of detailed damage information available from the NDT, self-regulations 
governing PT, as well as external regulations and standards from regulatory bodies such as 
CASA and FAA.  
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Acceptance criterion provides the means of certifying structures, assessing damage severity, 
standardising results, and eliminating inspector bias. It is expected that significant static and 
dynamic (fatigue) proof testing will be required to validate the new acceptance criterion. The 
value of using real damage over artificially introduced damage during calibration and 
validation testing has been noted as being superior in terms of avoiding any assumptions 
regarding the damage state [25]. Furthermore, it is expected that fatigue life certification may 
be the greatest challenge for a proof testing concept. 
Acceptance standards may allow some defects to remain in the structure so long as they do 
not affect the longevity of the structure, although this statement must be proven to be reliably 
accurate in practice. It is this that is the strong advantage of active PT over passive NDI. The 
success of an NDT technique can be measured using an external parameter, such as 
probability of detection (POD). The idea of POD was first introduced in 1973 as part of 
NASA and USAF quality assurance programs [4]. The POD describes the probability that an 
inspection technique will detect a flaw that is present in a defective component. Often a 
confidence interval (CI) is also applied, for example, a POD of 95% with a CI of 90% 
indicates that 95% of defective parts inspected were found to contain flaws, and there is a 
10% probability that 95% is an overestimate of the true POD. While in theory this can 
provide a good indication of the success of an NDT technique, the reality is not as clear due to 
inherent errors within testing equipment and procedures (see Figure 6-1, for which the POD 
curve can be empirically derived for any NDT technique). What this indicates is that no 
matter what NDT technique is used there is no guarantee there are no flaws, only a high 
probability that the structure is free from critical defects with POD providing an estimate of 
this uncertainty. Ultimately, the ability of an NDT technique to detect smaller flaws in a 
structure will subsequently result in increasing the necessary inspection interval. 
  
Figure 6-1: Probability of detection, (left) ideal and real NDT, (right) good and bad performance [4] 
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6.2.4 CASA, FAA & EASA regulations 
As mentioned in Section 2.3.3, the damage tolerance methodology for aircraft composite 
structures can be directly applied to that of proof testing. As such, the FAA certification 
requirements for a novel Structural Proof Testing methodology can be derived from the 
damage tolerance regulations within FAR part 23, 25, 27 and 29. Structural proof testing is a 
means of addressing certification requirements as a replacement to current the building-block 
approach, which involving significant timescale, materials and cost (refer Section 2.2.1). An 
example of the relevant sections is presented as follows [106]: 
• FAR part 23: Airworthiness standard: normal, utility, acrobatic, and commuter category 
airplanes (e.g. 23.573 Damage tolerance and fatigue evaluation of structure, 23.574 
Metallic damage tolerance and fatigue evaluation of commuter category airplanes, 23.575 
Inspections and other procedures) 
• FAR part 25: Airworthiness standard: transport category airplanes (e.g. 25.571 Damage 
tolerance and fatigue evaluation of structure) 
• FAR part 27: Airworthiness standards: normal category rotorcraft (e.g. 27.571 Fatigue 
evaluation of flight structure) 
• FAR part 29: Airworthiness standard: transport category rotorcraft (e.g. 29.571 Fatigue 
evaluation of structure 
• Advisory circular 20-107A, assessment of composite airframes with respect to fail-safe, 
and safe-life damage tolerance evaluation. 
An examination of FAA airworthiness standards (part 25) [212], certification procedures for 
products and parts (part 21) [213], and EASA certification of aircraft related products, parts, 
appliances, and of design and production organisations (part 21) [214] identified some of the 
following general statements that can be applied to certification of an active PT technique: 
• Proof of compliance is achieved through physical testing or calculations based on, or 
equal in accuracy to the results of testing. Any numerical analysis needs to be supported 
by test evidence. 
• Any approximations must be justified as the applied test conditions should be as similar to 
those found in service (loading spectra, temperatures, humidities). 
• Safety factors should be applied to prescribed limit loads. 
• No detrimental damage should be induced during testing. 
• Following proof testing, the structure needs to be shown to withstand ultimate loads for at 
least three seconds without failure (static testing only). Similarly, each critical loading 
condition should be considered. Dynamic testing and transient stresses may be higher and 
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appropriate loading conditions need to be defined as the same limitations do not apply to 
this testing as for static load testing.  
• Service history, or in this case manufacture history, needs to be considered in calculations. 
• Probable locations of damage and modes of damage and failure need to be estimated and 
supported by test evidence where available. 
• Full-scale fatigue testing must ensure that no widespread fatigue damage occurs within the 
design service life of the structure. 
• Any residual strength evaluation based on detected damage should be consistent with 
initial detectability guidelines and subsequent growth under repeated loads. Furthermore 
the structure should continue to be able to withstand ultimate load. 
• Should significant structural stiffness or changes in geometry occur during testing, 
including any form of structural failure, the effect of this on the damage tolerance must be 
further investigated. 
• Safe life evaluation should be performed, where any analysis is supported by test 
evidence. The structure should be able to withstand repeated loads without detectable 
cracks (the result of a successful proof testing methodology may rephrase this as: ‘without 
cracks detrimental to the structural integrity over the expected life of the structure’). 
• A quality control system needs to be established and maintained. Any inspection tests or 
procedures need to show the structure conforms to design requirements. Subsequent 
inspection thresholds must be established based on crack growth analysis and/or testing 
(this is where PT may be followed by implementation of an SHM system). 
• Ultimately a Technical Standard Order (TSO) will define minimum performance 
standards for the NDT. 
Within CASA, the ‘Airframe and Structures’ section is responsible for (amongst other 
aspects) providing the airframe and structural engineering expertise, for which Airworthiness 
Directives are raised and maintained, and as such would need to be initially contacted in order 
to begin the certification process. From here it can be established which regulations need to be 
addressed or guidelines followed, as well as determine if any other governing bodies or 
standards will be relevant to certification of structural testing techniques. 
6.2.5 Concluding remarks on industry standards & regulations for 
structural proof testing 
This section provides only the general ideas and concepts that will need to be considered 
when certifying a novel NDT technique to assess the structural integrity of aircraft structures 
in the Australian aerospace industry. Ultimately, a structural proof testing methodology aims 
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to replace the current conventional NDI philosophy of ‘detecting and quantifying every defect 
present to satisfy regulations’, with measurement and quantification of the following aspects: 
1. Establish likely and critical damage areas. 
2. Identify likely and critical damage mechanisms in these areas, and subsequently failure 
modes. 
3. With focus on the critical locations, implement a structure-wide, real-time proof test 
monitoring system. 
4. Quantify both manufacturing damage, and new damage. In accordance with acceptance 
standards, as well as utilising numerical and empirical models, assess the structural 
integrity in terms of mechanical properties, and residual strength and life. 
5. Provide evidence that structural proof testing successfully provides a measure of structural 
integrity, and that any defects present (including those not detected) do not adversely 
affect the residual life and / or strength of the structure. 
The major issue structural proof testing will need to overcome in terms of certification is 
convincing aviation regulators and manufacturers alike that proof loading does not create 
critical damage, but reliably quantifies the structural integrity in the presence of 
manufacturing defects. 
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APPENDIX 1 T-JOINT MATERIAL PROPERTIES 
 
The 0º and 90º ply material properties are presented in Table 6-1 for both rectangular and 
cylindrical coordinate frames, and for which the values are taken from Table 3-1. 
 
Table 6-1: Material properties for 3D orthotropic material card, 0° and 90° plies 
Rectangular Coordinate System Cylindrical Coordinate System 
Parameter 
0º ply 90º ply 0º ply 90º ply 
E11 156,500 15,650 15,650 156,500 
E22 15,650 15,650 15,650 15,650 
E33 15,650 156,500 156,500 15,650 
υ12 0.324 0.35 0.35 0.324 
υ23 0.35 0.0324 0.0324 0.35 
υ31 0.0324 0.324 0.324 0.0324 
G12 5,190 1,530 1,530 5,190 
G23 1,530 5,190 5,190 1,530 
G31 5,190 5,190 5,190 5,190 
 
The ±45° plies can be applied within the FE model in one of two ways: (1) create a new set of 
axes rotated by ±45° in order to define ply directions, however in this case it cannot be 
achieved since the cylindrical coordinate system does not allow such a transformation; (2) 
calculate the 21 elastic constants (Eqn. 6-1) required to define a 3D anisotropic material for 
both +45° and -45° directions, which is the technique employed in this analysis.  
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Eqn. 6-1 
 
The 0º ply material properties are first calculated (Table 6-2), following which the stiffness 
matrix is rotated to form the ±45° matrices (the stiffness matrix is symmetrical about the 
diagonal, and is not shown here).  
 
Table 6-2: 3D anisotropic stiffness matrix, 0º ply 
C11 C12 C13 C14 C15 C16 
161723.7 8061.306 8061.306 0 0 0 
C22 C23 C24 C25 C26 
18236.58 6643.99 0 0 0 
C33 C34 C35 C36 
18236.58 0 0 0 
C44 C45 C46 
5190 0 0 
C55 C56 
1530 0 
C66 
 
 
 
 
 
5190 
 
The equations used to transform the 0º stiffness matrix for a ply of any angle are presented in 
Eqn. 6-2. The constants are labelled according to the Nastran ‘order of stresses’ (E11, E22, E33 
and G12, G23, G31), where θxxC  represents constant C for angle θ, which is calculated from 
single ply constants using the transformation m and n. 
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Eqn. 6-2 
The resulting +45º and -45º material properties are shown in Table 6-3 and Table 6-4 
respectively. 
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Table 6-3: 3D anisotropic stiffness matrix, rectangular coordinate frame, +45º ply 
C11 C12 C13 C14 C15 C16 
54210.73 43830.73 7352.648 35871.79 0 0 
C22 C23 C24 C25 C26 
54210.73 7352.648 35871.79 0 0 
C33 C34 C35 C36 
18236.58 708.6577 0 0 
C44 C45 C46 
40959.42 0 0 
C55 C56 
3360 1830 
C66 
 
 
 
 
 
3360 
 
Table 6-4: 3D anisotropic stiffness matrix, rectangular coordinate frame, -45º ply 
C11 C12 C13 C14 C15 C16 
54210.73 43830.73 7352.648 -35871.79 0 0 
C22 C23 C24 C25 C26 
54210.73 7352.648 -35871.79 0 0 
C33 C34 C35 C36 
18236.58 -708.6577 0 0 
C44 C45 C46 
40959.42 0 0 
C55 C56 
3360 -1830 
C66 
 
 
 
 
 
3360 
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The ±45° anisotropic properties are then rearranged to suit a cylindrical coordinate system 
(Table 6-5 and Table 6-6). 
Table 6-5: 3D anisotropic stiffness matrix, cylindrical coordinate frame, +45º ply 
C11 C12 C13 C14 C15 C16 
18236.58 7352.648 7352.648 0 0 708.6577 
C22 C23 C24 C25 C26 
54210.73 43830.73 0 0 35871.79 
C33 C34 C35 C36 
54210.73 0 0 35871.79 
C44 C45 C46 
3360 1830 0 
C55 C56 
3360 0 
C66 
 
 
 
 
 
40959.42 
 
 
 
Table 6-6: 3D anisotropic stiffness matrix, cylindrical coordinate frame, -45º ply 
C11 C12 C13 C14 C15 C16 
18236.58 7352.648 7352.648 0 0 -708.6577 
C22 C23 C24 C25 C26 
54210.73 43830.73 0 0 -35871.79 
C33 C34 C35 C36 
54210.73 0 0 -35871.79 
C44 C45 C46 
3360 -1830 0 
C55 C56 
3360 0 
C66 
 
 
 
 
 
40959.42 
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APPENDIX 2 EXPERIMENTAL MODE SHAPE ANALYSIS 
Appendix 2.1 Raw data: MSD 
Figure 6-2 and Figure 6-6 present the experimental MSD for all modes of both the lower and upper surface scans as follows: 
• The horizontal axis is the length of the test specimen (0 – 0.192 m) and the vertical axis is the displacement (measured in meters). The 
vertical scale is of different scale as this data was graphed prior to normalisation, and is affected only by the amplitude input of the excitation. 
• The blue curve is the ‘edge scan’ and the red curve is the ‘centre scan’ (refer Figure 5-3) 
• From left to right: undamaged, delamination and porosity T-joint results 
• From top to bottom: Mode 1 through Mode 6 
LOWER SCAN: 
 
Figure 6-2: MSD for lower scan – Mode 1 
 
Undamaged 
Mode 1 
Delamination 
Mode 1 
Porosity 
Mode 1 
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Figure 6-3: MSD for lower scan, (above) Mode 2a, (middle) Mode 2b, (below) Mode 3 
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Porosity 
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Delamination 
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Undamaged 
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Mode 3 
Porosity 
Mode 3 
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Figure 6-4: MSD for lower scan, (above) Mode 5a, (middle) Mode 5b, (below) Mode 6 
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Porosity 
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Undamaged 
Mode 5b
Delamination 
Mode 5b
Porosity 
Mode 5b
Undamaged 
Mode 6
Delamination 
Mode 6
Porosity 
Mode 6
 Appendices 
  264
UPPER SCAN: 
 
 
 
Figure 6-5: MSD for upper scan, (above) Mode 1, (middle) Mode 2a, (below) Mode 2b 
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Figure 6-6: MSD for upper scan, (upper) Mode 3, (lower) Mode 5 
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Appendix 2.2 Frequency response results 
 
 
Figure 6-7: Velocity spectrums and frequency peaks – undamaged T-joints (left) lower surface scan, (right) upper surface scan 
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Figure 6-8: Velocity spectrums and frequency peaks – delamination T-joints (left) lower surface scan, (right) upper surface scan 
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Figure 6-9: Velocity spectrums and frequency peaks – porosity T-joints (left) lower surface scan, (right) upper surface scan 
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APPENDIX 3 NUMERICAL MODE SHAPE ANALYSIS 
 
Appendix 3.1 Changes in modal frequency: undamaged-to-damaged 
The following is a summary of the modal frequencies of Models AA, BB & CC for all modes 
of the Undamaged, Porosity, and Delaminated cases, for both upper and lower scans. The 
change in modal frequency is presented as a change in magnitude as well as a relative 
percentage change – these results are also coloured in an attempt to more easily identify the 
major and minor changes: 
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Magnitude difference 
  Less than 10 Hz 
  Between 10 Hz and 50 Hz 
  Greater than 50 Hz 
Table 6-7: Model BB, upper scan, porosity results 
Unit fixed, upper surface scan, porosity 
 Mode 1 
Mode 
2a 
Mode 
2b 
Mode 
3 
Mode 
5 
Mode 
6 
 Raw Data 
Undamaged (Hz) 500.3 595.9 1173 1689 3513 - 
Flange Edge  (Hz) 500.2 595.9 1175 1691 3514 - 
Enclosed (Hz) 500.3 595.9 1173 1690 3513 - 
Fillet Boundary(Hz) 500.3 595.7 1172 1689 3513 - 
 Magnitude difference 
Flange Edge  (Hz) -0.1 -0.0 2 2 1 - 
Enclosed (Hz) 0.0 0.0 1 1 0.4 - 
Fillet Boundary(Hz) 0.0 -0.2 -0.2 0.1 0.3 - 
Unit fixed, upper surface scan, porosity – Enclosed clamped only 
 Mode 1 
Mode 
2 
Mode 
3 
Mode 
4 
Mode 
5 
Mode 
6 
 Raw Data 
Undamaged, Clamped (Hz) 298.0 494.1 1237 1850 3748 4488 
Enclosed, Clamped (Hz) 298.1 494.1 1238 1851 3749 4491 
 Magnitude difference 
Magnitude difference (Hz) 0.1 0.0 1.2 0.5 0.6 2.9 
 
Table 6-8: Model BB, lower scan, porosity results 
Unit fixed, lower surface scan, porosity 
 Mode 1 
Mode 
2a 
Mode 
2b 
Mode 
3 
Mode 
5a 
Mode 
5b 
Mode 
6 
 Raw Data 
Undamaged (Hz) 503.0 309.5 1115 1693 2939 4040 4591 
Flange Edge  (Hz) 503.0 309.7 1117 1695 2940 4043 4596 
Enclosed (Hz) 503.0 309.6 1116 1694 2940 4041 4593 
Fillet Boundary(Hz) 503.1 309.4 1115 1693 2939 4039 4591 
 Magnitude difference 
Flange Edge  (Hz) -0.1 0.3 2 2 1 4 6 
Enclosed (Hz) 0.0 0.1 1 1 0.2 2 3 
Fillet Boundary(Hz) 0.0 -0.1 -0.1 0.1 -0.2 -0.3 0.1 
Unit fixed, lower surface scan, porosity – Enclosed clamped only 
 Mode 1 
Mode 
2 
Mode 
3 
Mode 
4 
Mode 
5  
 Raw Data 
Undamaged, Clamped (Hz) 262.3 1034 1719 3986 4587 
Enclosed, Clamped (Hz) 262.3 1035 1720 3988 4589 
 
 Magnitude difference 
Magnitude difference (Hz) 0.1 1 1 1 2  
 Appendices  
  271
Magnitude difference 
  Less than 10 Hz 
  Between 10 Hz and 50 Hz 
  Greater than 50 Hz 
Table 6-9: Model BB, upper scan, delamination results 
Unit fixed, upper surface scan, delamination 
 Mode 1 
Mode 
2a 
Mode 
2b 
Mode 
3 
Mode 
5 Mode 6 
 Raw Data 
Undamaged (Hz) 500 596 1173 1689 3513 - 
Flange Edge  (Hz) 476 589 1144 1645 3380 - 
Enclosed (Hz) 500 596 1172 1687 3508 - 
Fillet Boundary(Hz) 440 n/a 1109 1565 3481 - 
 Magnitude difference 
Flange Edge  (Hz) -24 -7 -28 -44 -133 - 
Enclosed (Hz) -0.2 -0.1 -0.2 -2 -5 - 
Fillet Boundary(Hz) -61 n/a -64 -124 -32 - 
Unit fixed, upper surface scan, delamination – Enclosed clamped only 
 Mode 1 
Mode 
2 
Mode 
3 
Mode 
4 
Mode 
5 Mode 6 
 Raw Data 
Undamaged, Clamped (Hz) 298.0 494.1 1237 1850 3748 4488 
Enclosed, Clamped (Hz) 297.9 494.0 1237 1848 3743 4488 
 Magnitude difference 
Magnitude difference (Hz) -0.1 -0.0 -0.6 -2 -6 -0.4 
Table 6-10: Model BB, lower scan, delamination results 
Unit fixed, lower surface scan, delamination 
 Mode 1 
Mode 
2a 
Mode 
2b 
Mode 
3 
Mode 
5a 
Mode 
5b 
Mode 
6 
 Raw Data 
Undamaged (Hz) 503 309 1115 1693 2939 4040 4591 
Flange Edge  (Hz) 483 305 1083 1650 2889 3861 4466 
Enclosed (Hz) 503 309 1115 1691 2937 4036 4590 
Fillet Boundary(Hz) 470 253 1086 1569 2811 3905 4476 
 Magnitude difference 
Flange Edge  (Hz) -20 -5 -32 -43 -50 -179 -125 
Enclosed (Hz) -0.2 -0.1 -0.1 -2 -2 -3 -0.3 
Fillet Boundary(Hz) -33 -57 -29 -124 -128 -134 -115 
Unit fixed, lower surface scan, delamination – Enclosed clamped only 
 Mode 1 
Mode 
2 
Mode 
3 
Mode 
4 
Mode 
5  
 Raw Data 
Undamaged, Clamped (Hz) 262.3 1034 1719 3987 4587 
Enclosed, Clamped (Hz) 262.2 1034 1717 3983 4587 
 
 Magnitude difference 
Magnitude difference (Hz) -0.1 -0.1 -3 -3 -0.3  
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Appendix 3.2 FEA undamaged MSD results 
The following are the complete MSD results extracted from the FEA modal analysis for the 
undamaged case only, Unit fixed model. Porosity and delamination MSD results are very 
similar for which any differences are only notable upon comparison of the MSC results. 
  
 
Figure 6-10: Unit fixed model, Undamaged MSDs for Flange Edge, Enclosed, Fillet Boundary and Fillet 
Internal damage cases, (above) upper surface scan, (below) lower surface scan  
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Figure 6-11: Unit fixed model, Undamaged MSDs for Enclosed Clamped damage case only, (above) 
upper surface scan, (below) lower surface scan  
 
